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A BSTRA C T
The cross section, a( 12C +  T  —>3 ck +  X ) or a{Za), and excitation energy 
spectrum , o^r 12 ^  ^ ave ^ een m easured for 2.1 G eV /nucleon 12C using
a 0. 9— target  of 12C. The ^ c(3&) Spec^rum  was found to  include excita- 
cm dE
tion  energies in excess of 50 MeV. The dissociation of 12C in to  three (3) alpha 
particles a t these excitation energies is evidence for clustering in the 12C 
nucleus.
xv i i i
INTR O D UC TIO N
W e report here the first quasi-exclusive m easurem ent of the three alpha 
dissociation channel for 2.1 G eV /nucleon 12C projectiles on a 12C ta rge t. The 
possibility of separating direct reactions from sequential decays was expected 
to  be particu larly  enhanced for this dissociation channel. The bom barding 
energy is above the threshold where the limiting fragm entation and factoriza­
tion  hypotheses have been found to  apply for single particle inclusive d a ta 1.
In recent years several theoretical models2-7 have been proposed to  
describe the reaction mechanism involved in relativistic heavy ion collisions. 
These theoretical studies were stim ulated  by the com bination of emulsion stu ­
dies8,9 and the single particle inclusive m easurem ents1,10-12 m ade in the  last 
decade. N either of the tw o sets of data , however, are able to  provide a 
detailed analysis of the  collision dynamics. The necessary detail to  distinguish 
between the m any models for collision dynam ics can be supplied by quasi­
exclusive experim ents which sim ultaneously measure the charge, mass, and 
vector m om entum  of all projectile fragm ents in a nuclear in teraction. Of par­
ticu lar in terest is the presence or absence of clustering in nuclear collisions.
The existence of alpha clustering in nuclei13-17 has intrigued physicists for 
over 40 years. Physical evidence for clustering in the form of alpha particle 
emission in high energy in teractions18,19 stim ulated  the first alpha particle 
models of light nuclei13,20,21. Detailed experim ental studies involving alpha 
particle absorption and emission22-24 and the excitation of light nuclei25-27 
have produced fu rther evidence of alpha clustering
1
2The 12C nucleus has been a favorite for testing the alpha particle model 
because it is a stable and tigh tly  bound system, and because the a ttem p ts a t a 
shell model description of th e  low energy properties have been only partially 
successful28-30. In particu lar the levels a t 7.7 MeV and a t 10.3 MeV are notori­
ous for their low excitation energy and anom alously large alpha decay 
w idths31. These levels are considered to  be typical s ta tes  which have alpha 
clustering. M orinaga was the  first to  propose th a t these levels formed the 
lower levels of an excited ro tational band w ith a linear chain structu re  of three 
alpha particles32,33. Recently, more rigorous models15,34-38 of the system of 
three alpha particles have been made. These models were predicated on a new 
kind of nuclear s tructu re , som ething sim ilar to  an alpha-boson gas39. This 
s truc tu re  was visualized as a  loose coupling of three alpha particles which 
could not be described by the shell model40.
Recently, a phenomenological study  was com pleted which used a simple 
cluster modeling of the nucleus to  describe the fragm ents produced in heavy 
ion interactions. The im portance of the cluster model in nuclear collisions was 
based on the assum ption th a t the energy transferred between nuclei in those 
collisions was on the order of the inter-cluster binding in those nuclei6. The 
study  successfully in terpreted  the  main features of the relative partial cross 
sections and the  w idths of the  m om entum  distributions m easured in a series of 
single particle inclusive experim ents1,10-12.
This experim ent was designed to  be an exclusive m easurem ent of all 
decay channels of 12C a t 2.1 G eV /nucleon except those which contain free neu­
trons41,42. As in the single particle inclusive experim ents, the 12C reactions 
observed in th is experim ent were perform ed in the energy region where the 
lim iting-fragm entation and factorization hypotheses have been found to  apply. 
T hus the  the 12C ta rge t was simply a m eans of injecting energy into the 12C
3projectile. As such the effect of the 12C ta rg e t on the fragm entation of the 12C 
projectile was of a geom etrical natu re could be calculated to  the 5%  level 
using a simple m athem atical expression1,43. Unlike previous inclusive measure­
m ents, the energy transferred  to  the 12C projectile in the collision would be 
m easured and its proxim ity to  the inter-cluster binding energies of 12C could 
be established. A nother im portan t feature of this experim ent was the ability 
to  determ ine the frequency w ith  which the different dissociation channels, not 
isotopes, were populated.
The Heavy Ion Superconducting Spectrom eter (HISS) facility, w ith its 25 
kilogauss field and 173 m illisteradian (msr) aperture, was unique in its ability 
to  separate and to  identify all charged projectile fragm ents in th is reaction. 
This capability allowed a  direct exam ination of the 12C energy spectrum  for 
the  three alpha final s ta te  currently  under study. In this s tudy  the alpha par­
ticle modeling of 12C was seen to  be significant f o r 12C —>3a in the  energy 
range of the in ter-cluster binding and beyond. A pproxim ately half of the 
m easured cross section, a( 12C —>-3ck)  , of 9.7 (+5.0/-2 .5) m illibarns was above 
2 0  MeV.
In the  following chapter a sum m ary of the current s ta tu s  for the theory  of 
alpha clustering in the 12C is given. The tenets on which cluster theory  is 
based and the relationship between the cluster model and the shell model are 
explained. The successes of the cluster model in describing experim ental data, 
m ost notably  the anom alously large decay w idths previously m entioned, are 
also shown. In chapter three the experim ental arrangem ent and m ethod of 
th is experim ent are described. The physical natu re  and function of each of the 
detectors in the  experim ent are also outlined in some detail. C hap ter four 
explains the  d a ta  analysis, and chapter five contains results of th is experim ent.
Those results include the 12C excitation energy spectrum , ^ t and the
dE
4calculation of the cross section for 12C decaying into three alpha particles. 
F inally, in chapter six the  size of the m easured cross section, cr(3a) , is exam­
ined, and the  presence of structu re  a t high excitation energies in the ^
dE
spectrum  is discussed.
THEORY
1. Introduction
As experim ental inform ation8-12 became available on heavy ion interac­
tions, it  came under the close scrutiny of the theoretical com m unity who 
applied considerable efforts2-7 tow ard the  understanding of the  reaction 
mechanism involved. These endeavors yielded three basic models for peripheral 
interactions, one was the therm al type model term ed ’’abrasion-ablation”2,3, 
ano ther was an excitation-decay model by H. Feshbach4, and the  final one was 
a M onte Carlo - cascade model5,7.
The abrasion-ablation model was first proposed by J.D . Bowman in 1973. 
He envisioned relativistic heavy-ion collisions as the im pacting of tw o sharp
1 • l
spheres of equivalently sharp  radii R P =  r0 A p  and R T =  r0 A p where r0 
was approxim ately 1.2 fermi. As the tw o nuclei m et there would be a region 
of overlap which would be scraped off. The am ount of overlap was a function 
of the im pact param eter ” b” which could also be though t of as the  distance 
between the line of m otion of the projectile and the center of the ta rge t 
nucleus. This shearing off process was described as an ” abrading” of the pro­
jectile. The rem ainder of th e  projectile, after the abrasion, had  a concave 
cylindrical surface where there once was a convex spherical surface. This 
rem ainder, or pre-fragm ent, was therefore not in a ground s ta te  configuration 
bu t in a highly excited s ta te  due to  the  ex tra  surface energy. The pre­
fragm ent would a t th is point began to  dissipate its ex tra  energy by em itting or 
evaporating protons, neutrons, and alpha particles. This ex tra  surface energy
6was expected to  have therm alized w ithin the pre-fragm ent before evaporation 
began. This was term ed ’’ab lation” . Thus the final fragm ent was the original 
projectile m inus the abraded  or sheared off p a rt and the  ab lated  or evaporated 
part.
In 1975 J. H ufner et al.2 placed the abrasion-ablation model in a more 
favorable light by deriving a quantum  mechanical and microscopic m ultiple 
scattering  version of Bow m an’s phenomenological work. They successfully 
derived it based on tw o assum ptions
[1] th a t the overlapping parts  of projectile and ta rge t were abraded sud­
denly, on the  order of nucleon m otion inside the  nucleus, and
[2] th a t the G lauber approxim ation44 was valid.
The model was then  used to  derive expressions for the abrasion cross sec­
tion  and the  excitation energy of the projectile after abrasion. By the ir calcula­
tions the  range of excitation energies available for the decay of 12C into  three 
alpha particles was from 3 to  22 MeV.
In the excitation-decay model, Feshbach4 assumed th a t in peripheral colli­
sions only the surface regions of the tw o colliding nuclei were involved. 
F u rth er, it was assum ed th a t  the ta rg e t nucleus acted only to  in ject energy 
in to  the  projectile nucleus, and  to  first approxim ation the ta rg e t velocity w ith 
respect to  the  projectile fram e rem ained constant th roughout the collision. 
This im plied th a t there was only a small am ount of m om entum  transfer even 
though the energy transfer m ust be enough to  induce projectile fragm entation. 
As viewed from the projectile frame a ta rg e t nucleus passed by and im parted  
an am ount of energy Hu> to  the  projectile. In keeping w ith  th e  need for a 
small m om entum  transfer, Feshbach assumed th a t the  energy was transferred
(aJvia  a ’’phonon” . Notice th a t a phonon of energy H uj has a m om entum  ——
7where as an interchanged nucleon of the  same energy would carry a much 
larger m om entum . Since il u> is expected to  be on the order of the nuclear 
binding energy, it was unlikely th a t this transferred  phonon would be absorbed 
by a  single nucleon in the projectile. T hus it was assum ed th a t the phonon 
would be absorbed by a nucleon pair, as in the  case of photon or soft pion cap­
tu re . A fter absorption the excited nucleons would begin to  travel in opposite 
directions. This would m aintain  the zero net m om entum  of the composite pro­
jectile. The angular d istribution of the  tw o nucleons would be independent of
OJth e  phonon’s direction since its  m om entum   was m uch sm aller than  those
c
of the two nucleons, approxim ately rrth u>. Hence the fragm ents, th a t the two 
nucleons generated as they  travel through the projectile, would be em itted  iso- 
tropically.
The cut off energy for th is mechanism was calculated using the Heisen­
berg uncertain ty  relation to  be approxim ately h u> =  463 MeV. However, 
There also exists an energy cut off due to  the  tw o nucleon absorption probabil­
ity . T h a t energy cut off being dependent on the distance between the two 
nucleons ” r ” which is on the order of the range of the nuclear force. Thus the
2 ftabsorption probability  drops to  (1 /e )  of its  m aximum w hen Hu>=   which
m r
tu rn s  ou t to  be about 160 MeV. The corresponding energy cut off H u> is thus 
reduced from 463 MeV to  300 MeV. In a more detailed and quantum  m echan­
ically correct analysis Feshbach showed th a t the  absorptive cut off was really 
120 MeV, th a t  the  longitudinal m om entum  transfer was related to  this max­
im um  available energy and finally th a t the transverse m om entum  transfer was 
of the  same order of m agnitude as the  longitudinal m om entum  transfer.
The M onte Carlo - Cascade model of D .J. M orrissey5 was an extension of 
the  in tranuclear cascade model. As in o ther cascade45 models the  tw o basic
assum ptions were
[1] th a t the interaction of tw o high energy nuclei can be viewed as a col­
lection of tw o-body interactions between individual nucleons in the 
projectile and individual nucleons of the ta rge t nucleus, and
[2 ] the characteristics of nucleon-nucleon collisions w ithin nuclear m atter 
are the same as those in free space except for the effects due to  the 
Pauli exclusion principle.
In this particu lar cascade model bo th  the ta rge t and the projectile were 
described initially as a  kind of stratified, degenerate fermi gas in the ir respec­
tive potential wells. S tratified in th a t the density d istribu tion  for each nuclei 
was expressed by a step  function fit to  the nuclear charge distribution as 
determ ined from electron scattering experiments. The potential wells of the 
nuclei’s protons and neutrons had depths corresponding to  the sum of the 
fermi energy and the  specific nuclei’s binding energy. The actual calculations 
consisted of throwing a ’’bag” of nucleons corresponding to  the projectile at 
another ’’bag” of nucleons corresponding to  the target. This was done several 
tim es w ith random ly chosen im pact param eters. W hat resulted was a  large 
sam pling of events from which the residual projectile fragm ent and target 
fragm ent, the residual excitation, and the recoil m om entum s could be calcu­
lated. The residual fragm ents were defined by counting the nucleons th a t 
rem ained w ithin the respective volumes originally associated w ith  the target 
and projectile, and had not fallen below the ir respective fermi energies. These 
fragm ents were then  deexcited using a version of D ostrovsky’s statistical-m odel 
M onte Carlo calculations46. A plot of the  excitation energy predicted for this 
model as well as the o ther tw o models is shown in Figure 1 .
The ability to  predict the experim entally observed isotopic dependencies 
seemed to  be approxim ately the same in all models excluding the Phonon
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model where the calculations were not done. However, the agreem ent was 
usually only w ithin  a factor of two a t best. To correct for th is  a ttem p ts were 
m ade to  im prove the  agreem ent w ith the experim entally observed isotopic 
dependencies by adding some type of clustering either before the collision3,6 or 
afte r the in teraction had taken  place7. In the next section the history of alpha 
clustering in the 12C nucleus is described, and the current s ta tu s  for th a t 
theory  is given.
2. The Pauli Principle and 12C
In the  12C nucleus the low lying states designated in Figure 2 exhibit 
s truc tu re  th a t is difficult to  understand  w ithin the context of the shell model. 
These s ta tes  seem to  exhibit a  molecule-like cluster structu re . The existence of 
these s ta tes  is evident in heavy-ion reactions where clustering dom inates the 
final stages of the  collisions. A ttem p ts to  explain these sta tes by the shell 
model involve the in troduction of an effective charge for the nucleus and are 
som ew hat unwieldy47. The presence of these ’’exotic levels” 48 w ith  their 
molecule-like struc tu re  suggests th a t clustering correlations play a prom inent 
role in this nucleus. One of the most prevalent clusters, and  the one of princi­
pal concern in th is study, is the  alpha particle. As shown in Appendix 1, the 
alpha can possibly m ain tain  its identity  w ithin the  12C nucleus because the 
alpha constitu tes the first shell closure. F or these cluster correlations to  exist 
in 12C, a condition of ’’strong in ternal cluster correlations and a w eak in ter­
cluster correlation” m ust prevail49,50.
The actual process by which cluster form ations can exist in the 12C 
nucleus is d ic tated  by the Pauli exclusion principle. The Pauli exclusion prin­
ciple is directly responsible for the  spin-isospin sa tu ra ted  configuration of the 
ground s ta te  of 12C. F u rther, the Pauli exclusion principle gives rise to  the
11
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independent particle aspects of some of the  excited sta tes  in 12C. For the 
molecule-like states, the Pau li exclusion principle is responsible for the  weak 
inter-nuclear forces between spin-isospin sa tu ra ted  clusters. This effectively 
strengthens the  coherence of the individual alpha clusters. The Pauli principle 
also requires the  antisym m etrization between all the  nucleons in the 12C 
nucleus which prohibits the overlapping of any tw o of the  alpha clusters51. 
T hus tw o very distinctive phases of nuclear structu re  can be recognized 
through the ’’dual roles of the  Pauli principle”49.
The molecular-like sta tes, shown in Figure 2 , appear to  form the the 
beginning of a distinct set of excited sta tes in 12C. Hence the molecular-like 
s ta tes  probably constitu te a different structu ring  of the  nucleus from  th a t  pro­
vided by the  shell model. Viewing the molecular-like sta tes of 12C as an 
independent structuring  of th a t nucleus has led to  some interesting observa­
tions. A  prim ary observation was the proxim ity of the first of the molecular- 
like s ta tes  to  the energy needed to  dissociate the 12C nucleus in to  three alpha 
particles. This observation led to  the postulation of th e  ’’threshold ru le”50,52. 
According to  th is rule, the  occurrence of the molecule-like s truc tu re  near this 
dissociation energy of the nucleus implies th a t the in ter-cluster binding energy 
is zero or slightly positive. As shown in A ppendix 1, the streng th  of the in ter­
cluster binding is ju s t sufficient to  confine the wave function for the  relative 
m otion between the alpha clusters in 12C to  the zero-point oscillation or to  a 
nearby harm onic. As is also shown in Appendix 1, the appearance of the 
molecule-like s ta tes  w ith th is slightly positive binding energy causes the  radial 
p a rt of the inter-cluster wave function to  peak a t large values in separation 
between the  clusters. This effectively increases the  probability  th a t the 
in teracting alpha clusters will re ta in  their identity . The antisym m etrization 
between all the nucleons should also increase the probability  of clustering in
13
th e  peripheral regions by supplying a repulsive force to  the interaction 
between the alpha clusters. Hence the  strong correlation properties of the 
alpha particle, the Pauli exclusion principle, and the action of the effective 
nuclear force combine to  create the observed change in the  structu re  of 
the  12C nucleus51. T hus the low lying sta tes of the 12C nucleus consist of both 
shell model excitations and cluster excitations. F u rther, it m ust be assumed 
th a t  these tw o types of excitations are strongly mixed47.
3. A lpha Decay W idths
Several years ago a m ethod of calculating the reduced w idths for the 
emission of light particles from nuclei was proposed53. Of particu lar interest 
were th e  predictions for the  reduced alpha w idths shown in Appendix 2. The 
reduced w idth , ©2, is a theoretical quan tity  used in R  m atrix  theory which can 
also be calculated using the  experim entally determ ined decay w idths, r c , as 
follows
2P c lew
In th is  equation c represents the specific level or s ta te  under investigation, 
7 c2yy is a norm alization constant, and P c is th e  penetrability . The penetrabil­
ity  is ano ther theoretical quan tity  which describes the overlap in the outgoing 
wave functions. Inform ation concerning alpha clustering in 12C can be 
obtained  by calculating the reduced alpha w idths and com paring them  to  the 
experim entally determ ined values. The excited levels of 12C which are candi­
dates for alpha clustering are those w ith  large reduce w idths for alpha particle 
emission as shown in Table 1 . The levels w ith  excitation energies of 7.66 MeV 
and 10.1 MeV are prime candidates for cluster model sta tes, since they  have 
large experim ental reduced w idths, ©2, on th e  order of one48. By contrast the
TABLE 1
J
Level of ^2C
T Eexp 
(MeV)
Etheoret
(MeV)
Levels 
of ®Be
J T
Ta(exp) 
(keV)
0a3(exp) 
(a=5 fm)
0a3(theoret)
0 0 7.66 0 0 8 x 10“3 2
4 0 14.1 12.4 0 0 6 x 10”2
2 0 0.3
0 0 10.1 13.8 0 0 2 x 103 0.8 5 x 10“2
-3 -3
1 0 12.7 15.0 2 0 2.2 3.5 x 10 J 1 x 10
1 1 15.1 14.1 2 0 =7 x 10"3 2 x 10"6 2 x 10-6
levels w ith  excitation energies of 12.70 MeV and 15.11 MeV have excellent 
agreem ent between the  experim entally m easured and theoretically predicted 
reduced alpha w idths. This was to  be expected for the level a t 15.11 MeV 
since alpha decay should be forbidden in this case due to  isospin considera­
tions. The excellent agreem ent between the calculated and m easured reduced 
w idths for the levels a t 12.70 and 15.11 MeV has also confirmed th a t m ajor 
differences between experim ental and calculated values indicate sta tes which 
differ dram atically  from the shell model description47.
4. Cluster Models
In the m any theoretical a ttem p ts to  describe the molecule-like structu re 
of light nuclei, the following four microscopic models have been found to  yield 
useful descriptions of the nucleus:
[1] the resonating group m ethod (RGM) originally proposed by 
W heeler13 in 1937 and later refined by W ilderm uth 14 in 1958
[2 ] the generator coordinate m ethod (GCM )54, a  generalization of B rink’s 
microscopic alpha particle model15
[3] the orthogonality  condition model (OCM), a semimicroscopic model 
developed by Saito55 in 1969,
[4] the  linear com bination of cluster orbits m ethod (LCCO), incorporat­
ing the idea of fixed cluster centers by A be56 in 1969.
The reduced w idths of several levels of 12C, as calculated by the  RGM  and 
GCM  m ethods, are listed in Table 2 . Those calculations for the  first tw o clus­
te r levels a t 7.66 MeV and 10.3 MeV yield fairly large values for 0 2 which are 
com parable to  the  experim ental ones. The shell model calculations of Balashov 
and R o tte r did not agree w ith  the experim ental values of © 2 for these sta tes47. 
In the case of the  level a t 10.3 MeV, for which the spin assignm ent has not
16
TABLE 2
J*
0a2 (a)
a(fm) GCM RGM EXP
0,+ 6.0 0.68 0.98 0.722 7.0 0.39 0.56 0.38
, +a) 
2 6.0 0.63 1.6
0 + a ) 7.0 0.17 1.1
3 8.0 0.15 1.1
3l"
5.0
6.0
0.165
0.078
0.171
0.071
0.182
0.087
a) Assuming to be the 10.3 MeV level
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been experim entally established, the  2 + assignm ent has shown the best agree­
m ent w ith  the  experim ental data . The GCM calculations of the alpha decay 
w idths in Table 3 were also in excellent agreem ent w ith  experim ent when a 
spin of tw o (2) for th is level was assumed. T hus there exists a clear difference 
between the  shell like s ta tes  a t 12.7 MeV and 15.1 MeV and the molecular like 
excited band sta tes  a t 7.66 M eV and 10.3 MeV.
Since the 02+ (7.66 MeV) s ta te  m ust have a very different wave function 
from the ground s ta te  ro tational band, one would expect th a t the  observed 
quadrupole transitions from 0 2+ sta te  to  the  2{*~ s ta te  and the  monopole transi­
tion  from 02+ s ta te  to  the Of1" s ta te  should both be sm all48. This is not the 
case as bo th  the observed B(E2;02+ —*-22) and M(0 2+ —i►01+) transitions are quite 
large. However, bo th  the RGM  and GCM calculations account for this fairly 
well as can be seen in Table 4. Similarly both  the  RGM  and GCM models 
give excellent fits to  the experim entally determ ined elastic and inelastic charge 
form factor data , as can be seen in Figure 3. Similarly in Figure 4, the RGM  
and GCM  models duplicate the  energy scheme of the first few levels of 12C 
w ith  excellent precision. N ote th a t in Figure 4 the  spectra  from the RGM, 
GCM  and OCM  models are sim ilar to  one another. None of these models 
predict the levels a t 1+ (12.70 MeV) or 1+ (15.1 MeV), a result which is con­
sisten t w ith  our previous discussion on alpha decay w idths.
5. Discussion
The excited positive parity  s ta tes  of 12C have been confirmed, both 
theoretically  and  experim entally, to  exist as well developed molecular like 
structu res. These sta tes w ith  molecular-like s truc tu re  are in direct contrast to  
th e  ground s ta te  and o ther predom inantly  shell-like states. Therefore the 
m olecular-like s truc tu re  of 12C m ust be assumed to  be a fundam ental one and
TABLE 3
J" E(MeV) Teal(8Be Oj+J Teal(8Be 2^+) Teal(total) Texp
+
CM
O
7.66 7.7 (eV) / 7.7 (eV) 8.7 + 2.7 (eV)
2 + 10.3 3700 keV ~0 3700 keV 3000 + 700 keV2
2 + 11.16 460 9 470 430 + 803
150 9 160
°3+
(11.7) 1600 100 1700 .
(11.7) 790 86 880
v 9.64 30 / 30 34 + 5
l ” 10.84 890 '0 890 315 + 25
l
340 -o 340
2r
11.83 / 260 260 260 + 25
V
13.35 / 270 270 375 + 40
co
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TABLE 4
GCM RGM exp.
B(E2; 21+ - 0] + ) 00 • o 9.3 • 00 + 0.4 e2
B(E3; V "  °1+ ) 99. 124. 107 + 14 e2
B(E2; 02+- 2^) 3.5 5.6 13 + 4 e2
M(02+->- °1+ ) 6.6 6.7 5.4 + 0.2
R_, __ e r • in • s • (o2+) 2.53 2.41
- 2.47
fm
Cm*
fm
20
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not a rare or anomalous structu re , since the num ber of these sta tes is a t least 
equal to  the  num ber of shell-like sta tes below 15 MeV48,51,57. L ittle  is known 
about alpha clustering in the excited sta tes of 12C above 15 MeV, since few 
cluster model calculations extend in to  this energy region. This region is more 
difficult to  study  both experim entally and theoretically because o ther cluster 
configurations become possible as the excitation energy is increased48,51,57. 
This energy region is of great in terest for precisely this reason.
In order to  obtain  a more complete understanding of the nuclear s tructu re 
of 12C, and indeed fight nuclei in general, fu rther studies m ust be made of 
cluster dynam ics. The relevance of nuclear structu re  for nucleus-nucleus colli­
sions a t high energies also needs clarification6. Specifically, the  presence of 
molecular-like sta tes in 12C for excitation energies above 15 MeV and the  fre­
quency w ith  which they are populated  is of great in terest. F u rth er, any infor­
m ation regarding the mechanism by which clusters form, disintegrate, or 
in terac t is of extreme im portance.
W e tu rn  now to  a discussion of the apparatus th a t was used in this exper­
im ent. The subset of in teractions in which the 12C projectile dissociated into 
three alpha particles are discussed in subsequent chapters.
A PPA R A T U S
1. Introduction
This experim ent w as perform ed specifically to  address the questions con­
cerning cluster dynam ics. E xcitation energies from a few M eV to  several hun­
dred MeV were obtained  by using the Bevalac a t Lawrence Berkeley Labora­
to ry  to  accelerate 12C nuclei to  2 .1  G eV /nucleon . A fter the  12C projectiles 
in teracted  in the ta rge t, the projectile fragm ents were separated  from the  ta r ­
get fragm ents by the  field of the HISS m agnet. The HISS spectrom eter was 
chosen because of the need to  resolve the charge, the mass, and the momen­
tum  for all projectile particles in an individual interaction.
2. The Bevalac
The carbon beam  used in th is experim ent was produced in the  Bevalac, a 
hybrid  of the Super-Hilac and  B evatron accelerators a t the Lawrence Berkeley 
L aboratory . The stripping and  initial acceleration of the  carbon nuclei were 
carried out a t the  Hilac. A t kinetic energies of 8.5 M eV /nucleon the  beam  was 
transferred  to  the B evatron through a  transfer line a t a ra te  of 1 to  2 pulses 
per second. The final phase of beam acceleration was com pleted in th e  Beva­
tron  by raising the  kinetic energy to  2100 M eV /nucleon58.
The beam  was then  ex tracted  a t a ra te  of 10 pulses per m inute and 
directed to  beam  line 42 v ia  the external particle beam (EPB) channel II. As 
shown in F igure 5, beam  line 42 contained 3 dipole m agnets and 7 quadrupole 
m agnets which were used to  transpo rt the beam  to  the  HISS experim ental
23
HISS | 
CRYOGENICS
h “ — I iI H IS S  I { 
'  H O U SE  # 1  '  h  •'
f t
r*n*e«r
HISS HOUSE * 2
»4twc»;
FIGURE 5
ro
25
area. A  final focus was obtained  using the  swinger quadrupoles B42Q3A, B, 
and C which were located approxim ately five (5) m eters upstream  of the  HISS 
dipole.
3. T he M agnet
The 625 ton  superconducting dipole form ed the heart of the HISS spec­
trom eter system . As shown in Table 5, the HISS m agnet had pole tips w ith  a 
d iam eter of 2.1 m eters, a gap of 1 m eter, a maxim um  central field of 30 kilo- 
gauss, and  a m axim um  J B  dl = 7 5  KG-m . As shown in F igure 6 , a 40 ton 
stainless steel vacuum  ta n k  w ith  a 1X 3 m eter exit window resting between the 
pole tips served to  reduce background interactions. A  window fram e steel 
yoke lim ited the s tray  field59.
E lectrical, mechanical and  cryogenic system s were m onitored once each 
second by more th an  100 sensors. These sensors included 32 stra in  gauges to  
m onitor the  mechanical in tegrity  of the  support cylinders, 19 therm istors to  
m easure coil and helium gas tem peratures, 30 solid s ta te  pressure and liquid 
level sensors to  gauge the  pressure and level of the  liquid helium, 8  isolation 
amplifiers to  track  various voltages when the m agnet was energized, and 48 
channels of relay inpu t registers to  scan the power supply and quench protec­
tion  chains. A  PD P  11/34 com puter read the sensor d a ta  v ia CAMAC and 
provided several pictorial displays for im m ediate analysis. The d a ta  was sub­
sequently filed on the VAX 11/780 for fu ture analysis, as shown in Figure 7 60. 
T he 400 w a tt helium refrigerator th a t  cooled the dipole was com puter con­
tro lled  by a LSI 11/23 microprocessor.
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TABLE 5 
HISS MAGNET PARAMETERS
CENTRAL FIELD 
FIELD ON CONDUCTOR 
COIL. SUPERDONDUCTING
CONDUCTOR CROSS SECTION 
COPPER/SUPERCONDUCTOR RATIO 
AMPERE TURNS 
CURRENT
CONDUCTOR CURRENT DENSITY 
MAGNETIC ENERGY 
YOKE: WINDOW FRAME TYPE
POLE DIAMETER 
MAGNET GAP
UNOBSTRUCTED AZIMUTHAL ANGLE 
MOUNTING
MAGNET TOTAL WEIGHT
30 KILOGAUSS 
45.5 KILOGAUSS MAX.
NB-TI IN COPPER MATRIX.
IN LIQUID HELIUM AT 4.6°K
1.19 CM X 0.4 CM
19:1
5.12 x 10**6 
2200 A
5000 A/CM2 
55.2 MJ
5.13 x 10**5 KILOGRAMS 
2.1 METERS (83 INCHES)
1.0 METER (40 INCHES)
110° AT FRONT AND BACK 
ROTATABLE BASE
5.67 x 10**5 KILOGRAMS
FIGURE
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4. Beam  Definition Scintillators
As shown in Table 6 , the  first two of five beam  definition scintillators 
used in th e  experim ent were located 15 m eters upstream  of the  dipole. The 
scintillators, TO F  1 and T O T , were used as the s ta r t for the tim e to  digital 
converters (TDC). As shown in Figure 8 , the second set of beam  scintillators, 
E  and H S , were positioned 10 m eters dow nstream  of TO F  1 and T O T . The 
scin tillator E  was 0.020 inches thick and its o u tp u t was passed through a win­
dow discrim inator in order to  veto all charged particles except single 12C pro­
jectiles. The scintillator H S  was 0.25 inches th ick  w ith a 2.0 inch hole in its 
center, and it was used as a veto. The coincidences between E  and H S  meas­
ured the num ber of the beam  particles th a t were incident on the  ta rg e t. The 
rem aining beam scintillator, D S , was placed 8  m eters dow nstream  of the 
center of the dipole in order to  veto  any beam  particles which did not in teract. 
The five beam  scintillators formed the raw in teraction  trigger, 
TO F  1 T O T  H S E  D S , which, when the com puter was ready for d a ta , con­
s titu ted  the  event trigger for the experim ent. The triggering logic is 
represented schem atically in F igure 9.
5. W ire Chambers
Two m eters upstream  of the scintillators E  and H S  was the  first of four
drift cham bers used in the experim ent. The second upstream  cham ber, D C  3,
was positioned 223 cm dow nstream  of D C  4. B oth  D C  A and D C  3 had  six (6 )
sense planes each w ith  a  40 cm by 30 cm active area. The positions m easured
by D C  A and D C  3 were used to  establish the incident angle and position of
each beam  particle a t the ta rge t. These beam  definition cham bers were identi­
cal in mechanical construction and electronic instrum en tation  to  the  big 
cham bers which were located 250 cm and 345 cm dow nstream  of the  center of
TABLE 6
BEAM SCINTILLATORS JULY 1982 
A. SCINTILLATOR DIMENSIONS
TOF1 0.020 "  X
o•CM " x 2.0"
TOT = 0.020 " X 3.0'" x 3.0"
E = 0.020 "  X 3.5'" x 3.5"
HS = 0.25" X 8.0" x 8.0" (WITH 2.75" CENTER
DS = 0.25" X 3" (CIRCULAR)
B. TUBE VOLTAGES AND ANODE SETTINGS
TOF1 = -1670 V (150 mV OUTPUT SIGNAL FOR Cl2)
TOT = -1920 V (1 v OUTPUT SIGNAL FOR Cl2)
E = -2300 V (1.5 V OUTPUT SIGNAL FOR Cl2)
HS = -1410 V (150 mV OUTPUT SIGNAL FOR Cl2)
DS1 = -1270 V (150 mV OUTPUT SIGNAL FOR Cl2)
DS2 = -1270 V (150 mV OUTPUT SIGNAL FOR C12)
ALL TUBES WERE RCA 8575
TOF WALLS 
* 1
♦ 5 6
/
♦ 7 0
SLAT * 5 5
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D
R r ^ rI T i  to*5!5**!Sr”
CLOCK
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the dipole. As shown in Figure 10, the two large cham bers, D C  1 and D C  2, 
also contained six (6 ) sense planes and eight (8 ) high voltage foil planes. The 
cham bers D C  1 and D C  2 differ from D C  3 and D C  4 in th a t the 100 cm by 
200 cm active area of D C  1 and D C  2 required a 1 inch th ick  alum inum  frame 
for support. The foil planes were constructed of alum inized m ylar which con­
sisted of 1 0 0 0  angstrom s of alum inum  deposited on 1/4  mil of mylar. The 
foils were stretched  across epoxy-fiberglass windows made of NEMA-G10. The 
wire planes consisted of 75 micron Berylium -Copper wire m ounted on frames 
m ade of prin ted  circuit board and epoxy-fiberglass plates. As shown in Figure 
1 0 , wires were oriented a t 0 ° , +60° , and -60° w ith respect to  the ir fiberglass 
frames. The wires were spaced one (1 ) centim eter ap art and glued to  the fiber­
glass fram es. The electrical connections for the wires were a lternated  anode 
(sense) - cathode (high voltage). As shown in Figure 10, planes of sim ilar wire 
orientation were aligned so th a t the field wires of one plane were shadowed by 
the  sense wires of the o ther plane. This alignm ent made it possible to  deter­
mine w hether a particle passed to  the  left or to  the  right of a sense wire. Each 
cham bers provided a m easurem ent for each of the three orientations listed 
above. This redundancy in the  m easuring of positions, coupled w ith  the thick­
ness of the cham bers, was used to  calculate th e  direction of m otion of each 
ion.
The front-end electronics of the cham bers, designed by Fred Bieser, sup­
plied inform ation concerning the  position of each passing ion. The front-end 
electronics also provided some protection from spurious tracks produced by 
knock-on electrons which are a m ajor nemesis of gaseous detectors in heavy 
ion experim ents. This suppression of delta  rays was accomplished by splitting 
the  incoming signal and delaying one-half of it while allowing the o ther half to  
set a dynam ic threshold. As- shown in Figure 11, the  core ionization of the
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GAIN: 2X1D4
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l ANODE
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»
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t
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track  was then  readily discernible from delta  ray radiation.
All sense wires were connected to  the Le Croy 4290 TDC system . As 
shown in Figure 12, the  T O F  1 logic pulse was also connected to  the 4290 
TDC system . This calibrated signal constitu ted  the s ta r t pulse needed to  
obtain  inform ation on position for particles which struck  the  T O F wall.
6. Time of Flight (TOF) W all
The T O F wall m entioned above consisted of two sections of 2 0  plastic 
scin tillators w ith  dimensions 2 .5X 10X 300cm 3 and tw o sections of 15 scintilla­
tors w ith dimensions 2 .5 X l0X 200cm 3. As shown in Table 7, these were 
placed approxim ately 4.5 m eters behind and roughly parallel to  D C  2. Each 
scin tillator was individually w rapped and was viewed a t both  ends by an 
Amperex XP2230 photom ultiplier tube. E ach tube was connected to  a base 
th a t  was modified to  operate over a large dynam ic range while exhibiting only 
a small distortion in pulse shape. Each section of the T O F wall was powered 
by a Le Croy HV4032A com puter controlled high voltage power supply. The 
high voltage was set so th a t each tube delivered a 300 mV pulse w hen irradi­
a ted  w ith a 90Sr source. T ube bases were equipped w ith  tw o anode ou tputs, 
one of which was connected to  a Le Croy 2280 PHA  system , as shown in Fig­
ure 13. The second anode supplied the  stop for the individual channels in a Le 
Croy 22^8A TDC system . The 2228A TDC system  was activated  by a TO F  1 
logic pulse, as shown in F igure 12.
7. Com puting Facilities
Incoming d a ta  were read from CAMAC through a m icroprogram m able 
branch driver (MBD) and in to  a PD P 11/45. The PD P  11 subsequently routed 
the  d a ta  to  a local m agnetic tape unit and to  a shared 80-m egabyte disk, as
E E 3
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TABLE 7
P O S I T I O N  OF DETECTORS I N  E X P E R IM E N T  5 1 3 M
DC1 « ( - 2 0 1 . 0 1 , 5 0 . 3 7 , 1 5 4 . 2 8 ) E T O F  - ( - 5 3 0 . 6 5 , 9 1 . 8 8 , 4 7 6 . 9 4 )
= ( -  2 8 . 3 7 , 5 0 . 4 5 , 2 5 5 . 0 5 ) S ( - 4 7 6 . 2 6 , 9 1 . 7 8 , 5 8 8 . 0 4 )
a ( -  2 7 . 8 4 , - 4 9 . 4 8 , 2 5 4 . 5 1 ) 8 ( - 4 7 6 . 2 3 , - 1 0 8 . 0 0 , 5 8 7 . 4 8 )
a ( - 2 0 0 . 6 2 , - 4 9 . 3 5 , 1 5 3 . 8 5 ) s ( - 5 7 9 . 2 0 , - 1 0 8 . 6 0 , 4 7 4 . 4 5 )
DC 2 = ( - 2 5 1 . 3 5 , 4 9 . 6 4 , 2 4 0 . 6 8 ) BTOF = ( - 3 6 3 . 3 2 , 9 2 . 1 8 , 8 8 0 . 5 5 )
= ( -  7 8 . 7 1 , 4 9 . 7 2 , 3 4 1 . 4 5 ) s ( - 2 2 0 . 3 0 , 9 1 . 1 2 , 9 3 5 . 2 2 )
a ( -  7 8 . 1 8 , - 5 0 . 2 1 , 3 4 0 . 9 1 ) = ( - 2 2 0 . 5 2 , - 1 1 0 . 3 0 , 9 3 4 . 3 8 )
— ( - 2 5 0 . 9 6 , - 5 0 . 0 8 , 2 4 0 . 2 5 ) C5 ( - 3 6 4 . 2 5 , - 1 0 9 . 7 7 , 8 8 0 . 3 8 )
DC3 = ( -  2 8 . 7 2 , 1 4 . 2 9 , - 2 6 6 . 2 5 ) E ( -  6 . 0 5 , 3 . 9 5 , 2 9 1 . 0 0 )
a ( 1 1 . 9 4 , 1 4 . 0 0 , - 2 6 5 . 5 2 ) m ( 0 . 7 5 , 3 . 9 5 , 2 9 1 . 0 0 )
a ( 1 1 . 7 5 , - 1 4 . 1 8 , - 2 6 6 . 2 7 ) m ( 0 . 7 5 , - 2 . 8 5 , 2 9 1 . 0 0 )
a ( -  2 8 . 7 2 , - 1 4 . 1 8 , - 2 6 6 . 2 5 ) 8 ( -  6 . 0 5 , - 2 . 8 5 , 2 9 1 . 0 0 )
DC4 = ( -  2 6 . 7 9 , 1 7 . 8 7 , - 4 8 8 . 1 7 ) DS ( - 2 5 6 . 4 9 , 5 . 5 6 , 7 0 7 . 9 4 )
a ( 1 1 . 7 3 , 1 7 . 6 5 , - 4 8 9 . 5 4 ) 8 ( - 2 4 6 . 4 6 , 5 . 5 5 , 7 1 0 . 2 8 )
= ( 1 1 . 7 3 , - 1 2 . 8 2 , - 4 8 9 . 1 0 ) = ( - 2 4 6 . 4 6 , - 4 . 3 0 , 7 1 0 . 2 8 )
s ( -  2 5 . 7 9 , - 1 2 . 8 2 , - 4 8 8 . 1 7 )
=
( - 2 5 6 . 4 9 , - 4 . 2 9 , 7 0 7 . 9 4 )
WTOF = ( - 3 0 4 . 7 2 , 1 3 1 . 4 5 , 7 0 6 . 6 7 ) TGT = ( -  1 9 . 0 7 , 5 . 7 0 , - 0 . 7 3 )
= ( - 1 0 4 . 0 6 , 1 3 3 . 6 3 , 7 5 3 . 3 3 ) S ( -  8 . 9 1 , 5 . 7 0 , 0 . 9 5 )
a ( - 1 0 4 . 8 1 , - 1 6 7 . 2 1 , 7 5 3 . 0 5 ) = ( -  8 . 9 1 , - 4 . 6 0 , 0 . 9 5 )
a ( - 3 0 5 . 2 8 , - 1 6 6 . 9 5 , 7 0 6 . 2 1 ) s ( -  1 9 . 0 7 , - 4 . 6 0 , - 0 . 7 3 )
MTOF «= ( - 2 6 0 . 7 6 , 5 . 5 7 , 7 0 5 . 3 3 )
a ( - 3 0 0 . 7 4 , 1 3 0 . 7 5 , 6 9 2 . 8 6 )
a ( - 3 0 0 . 3 2 , - 1 6 6 . 9 7 , 6 9 4 . 8 3 )
= ( - 4 7 5 . 9 5 , - 1 6 6 . 4 9 , 5 8 7 . 4 2 )
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shown in F igure 14. As illustrated  in Figure 7, th is  disk was used to  store the 
experim ental d a ta  in a  circular buffer so th a t two o ther PD P  1 1 s and the VAX 
11/780 were able to  access th e  m ost recent data . This scheme im proved the 
on-line analysis capabilities of the PD P  11  being used for d a ta  acquisition and 
enabled real tim e comparisons between current and past d a ta  sets. Conse­
quently, one set of program s, in addition to  those incorporated in to  the  PD P 
11 for spill by spill diagnostics, sufficed for bo th  on-line analysis and off-line 
d a ta  reduction61.
FRONT END DATA ACQUISITION
MACHINES MAGTAPE
CAMAC
PDP
1 1 /4 5
MBD
DISK
F I G U R E  14
DATA
1. OVERVIEW
The experim ent was carried ou t between M ay 3 - 18, 1983, and consisted 
of 50 hours of tune-up and trouble shooting and 100 hours of equipm ent cali­
b ra tion  and d a ta  taking. In th a t tim e 67 d a ta  tapes were filled, w ith  ten  (10)
of those tapes containing d a ta  logged w ith a 0.9 12C ta rg e t. The da ta
cm2
logged w ith th is 0.9 - - --- 12C ta rge t constitu ted  the  d a ta  sam ple of relevance
cm
to  th is study . As shown in Table 8 , 343,314 of the  4.8648 X 106 incident 12C 
particles triggered the electronics. The resulting in teraction  ra te  w as 7.06%, 
which is consistent w ith the  expected rate  of 7.05%. Of the  to ta l num ber of 
events logged, 141,102 events could be a ttr ib u ted  to  in teractions in m aterial 
th a t  was dow nstream  of the ta rge t, and 68,319 of the rem aining events were 
determ ined to  have originated from beam  halo or in teractions upstream  of the 
ta rge t.
All scalar values were subjected to  a  three w ay check. D uring the  da ta  
tak ing , scalar readings from visual scalars were com pared w ith the  values read 
from the  cam ac scalars by an on-line analysis program , FT 83. As shown in 
Figure 15, the  flat top display program , FT83, read the  cam ac scalars via the 
d a ta  acquisition program , DATACQ . Secondly, the  scalar values were read 
off-line in the  program , TYPE1320. As shown in Figure 15, T he TYPE1320 
program  was one of eight program s running under the  analysis shell program, 
LULU. Beam intensities were typically 105-1 0 6 particles per pulse during the
42
SCAUR SIM1ARY
FILE_____T O T -T U F l__________IMCEO___________1HPE
TII6FICT 3.0622 X 10 2.9974 X 10 2.8299 X 10
Til7FICT 3.3325 3.2621 3.0900
TIIBF1CT 3.1513 3.0805 2.9186
T tu r i c T 3.4633 3.3657 3.1904
T120FICT 3.4647 3.3874 3.2088
TI21FICT 3.4638 3.3889 3.2232
TI22FICT 3.2676 3.1973 3.0477
T123FICT 1.1279 1.1020 1.0464
TI2AFICT 2.8294 2.7609 2.6311
T125F1CT 3.2827 3.2045 3.0523
TOTAL 30.4254 29.7467 28.2384
INTERACTION________ EVENT IMDE'BUST EVENT-RUST
2,0142 X 10 1.9545 X 10 5.2235 X 10S 3.6549 X 10
2.2059 2.1380 5.6945 3.9387
2.0877 2.0211 5.1852 3.6224
2.2975 2.2188 5.4312 3.8208
2.3120 2.2282 5.3449 3.7196
2.3453 2.2644 5.3118 3.7704
2.2293 2.1544 5.0389 3.5773
0.7665 0.7422 1.8611 1.3252
1.9548 1.8891 4.4603 3.2462
2.2574 2.1795 5.0967 3.6719
20.4706 19.7902 48.6481 34.3474
TABLE 8
DATA ANALYSIS HARDWARE AND SOFTWARE
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d a ta  taking. Beam flux was lim ited by the relaxation tim e of the downstream 
drift cham bers.
2. TIM E OF FLIGHT WALL
All inform ation pertaining to  the charge of the ions was obtained from 
the  T O F  wall. A  beam of protons and a beam  of 12C particles were used to  
ob ta in  the charge calibration for the TO F wall. B oth beam s were swept across 
each scin tillator of the TO F wall by ram ping the current in the HISS m agnet. 
The product of the ADC signals from  the two photom ultiplier tubes on each 
scin tillator was then  used w ith  the incident charge to  obtain  a charge calibra­
tion  of the form
Prod { Z ) =
a Z 2+ bZ  -\-c
X  Prod (Z  =  6 ) (D .l)
The sum  of the ADC o u tpu ts  was not used because the  o u tp u t signals of the 
ADCs were known to  have suffered a small am ount of a ttenuation . This 
a ttenuation  of the o u tp u t signals of the ADCs was inevitable because the 
length of the scintillators in th e  T O F wall was on the  order of th e  attenuation  
length of scintillator. However, the use of the product of the ADC outpu ts 
cancelled the simple exponential a ttenuation  of the signals. The linear term  in 
Z  in the above equation was used to  correct for the sa tu ra tion  of the scintilla­
tor, as shown in Figure 16. As shown in Figure 17, the charge distribu tion  for 
a single scin tillator has a s tan d ard  deviation of approxim ately 0 .1  charge units 
(0.016 a tto  coulombs).
The second im portan t function of the T O F wall was to  measure the time 
of flight of the fragm ents. The tim e of flight for an individual fragm ent was 
determ ined in the following way. F irs t the  tw o TDC values from the pho­
tom ultip lier tubes attached  to  the struck  scintillator were averaged. Next, a
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predeterm ined s ta r t tim e oflset, t0 , was sub tracted  from th e  above average. 
The resulting num ber was then  m ultiplied by the  num ber s , th e  value of 
which w as approxim ately 50 picoseconds/channel, in order to  convert the  aver­
age to  an actual flight tim e in picoseconds. The s ta r t tim e offsets were 
obtained  by sweeping a beam  of constant rigidity  across the  entire tim e of 
flight wall. Since leading edge discrim inators were used, th e  o u tp u t signals 
from the  TD Cs exhibited a slight dependence on the  rise tim e of the  pho­
tom ultip lier tubes. The slope of th a t electronic pulse was a  function of the 
charge of the particle being detected. T hus a  second offset, t (Z ), w as used to  
cancel the  TDC slewing caused by differences in charge. Therefore the  equa­
tion  for the  tim e of flight, tTOF , in picoseconds was
of —  6
T D C 1 + T D C 2 + t0 + t ( Z )  (D-2)
The tim ing resolution obtained  for beam  particles strik ing scin tillator 15 is 
shown in  F igure 18.
3. DRIFT CHAMBERS
The trajectories of incoming beam  particles were determ ined using the 
twelve (12) TDC values in D C  3 and D C  4. The calculated trajectories were 
subsequently used to  generate the  X  and Y  coordinates a t which the  beam 
particle lilt the  ta rge t. B oth  D C  3 and  D C  A also served to  identify  particles 
coming from the  beam  halo and  any events in  which the  particle in teracted  in 
the  m aterial upstream  of th e  ta rge t. This proved invaluable since several of 
these projectiles escaped detection by the  H S  veto  scin tillator and th e  window 
discrim inator associated w ith  the E  scintillator.
There were three ways in which these so called ’’bad  upstream ” events 
were flagged. F irst, events in which the incoming beam  particle was incident
CO
UN
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outside the  active area of the ta rge t were removed. These events were easily 
identified because their coordinates (X 3,Y 3) in D C  3, or (X 4,Y 4) in D C  4, or 
bo th  lay outside acceptable lim its. The lim its shown in Table 9, were esta­
blished by determ ining the coordinates of the incoming beam  particles th a t 
struck  the assembly which held the ta rge t. These coordinates in 
D C  3 and D C  4 were obtained by examining the d a ta  taken  w ith  no ta rge t in 
the beam . Next events in which the projectile suffered a small elastic collision 
between cham bers D C  3 and D C  4 or passed outside the  linear region of the 
last quadrupole were removed. As shown in Figure 19, a linear correlation 
existed between X 3 and X 4, and between Y 3 and Y 4, for unflagged events. 
U nacceptable events were those for which the  ordered pair (X 3,X 4) was more 
th a n  1.7 mm from the X 3- X 4 correlation shown in Figure 19. Similarly, 
events for which the ordered pair (Y 3,Y 4) was more th an  1.2 mm from the 
Y 3- Y 4 correlation shown in Figure 20. Thirdly, events were discarded if more 
th a n  one (1 ) track  through D C  3 and D C  4 was possible or if a  beam  track  had 
a ” darkness” of less than  3.2. Darkness is a  quantity , developed by P ete r 
L indstrom  62, by means of which one can evaluate the quality of a  track  in a 
wire cham ber. This m ethod will be discussed la ter in th is section.
The bad upstream  contam ination constitu ted  a  large correction to  the 
d a ta . F or d a ta  taken  w ith the beam veto scintillator, D S , in the trigger, 
19.9% of the events were flagged. For d a ta  taken  w ith  the beam  veto  scintil­
lator, D S  , ou t of the trigger, 9.3% of the events were flagged. The num ber of 
events logged between events labeled as bad  upstream  for tw o different set­
tings of the  beam  collimating jaw s is shown in F igure 20. The absence of a 
clean Poisson d istribution in both  figures implies th a t  beam  struc tu re  was pos­
sible. The reduction of the ratio  of flagged to  unflagged events w ith  the clos­
ing of the beam  collim ator was a clear indication th a t the beam  had a halo.
TABLE 9
PARAMETERS ON UPSTREAM DRIFT CHAMBERS
X3 lower limit - 13.2 centimeters 
X3 lower limit - 16.0 centimeters
Y3 lower limit = -18.7 centimeters 
Y3 upper limit = -14.0 centimeters
X4 lower limit = 12.0 centimeters 
X4 upper limit = 16.0 centimeters
Y4 lower limit = -21.0 centimeters 
Y4 upper limit = -14.5 centimeters
MX3-X4) correlation = 0.17 centimeters 
MY3-Y4) correlation = 0.12 centimeters
DC3 darkness lower limit = 3.2 
DC4 darkness lower limit = 3.2
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The above observations coupled w ith th e  high efficiencies for D C  3 and D C  A 
im plied th a t the m ajority  of bad upstream  events were due to  beam  optics, 
ra th e r th a n  to  mechanical m alfunctions.
The efficiencies for D C  3 and D C  A, which were 98.1% and 99.5%, respec­
tively, were determ ined using d a ta  taken  w ith  th e  beam veto scintillator, D S , 
ou t of the trigger. This d a ta  sample was then  restric ted  to  events for which 
the  ADC values for the  D S  scintillator corresponded to  a  charge six (6 ). The 
num ber of events th a t were not flagged as bad upstream  w as divided by the 
sum  of those events plus events th a t were labeled as bad upstream  due to  
problem s w ith  darkness, to  determ ine the efficiencies of the  upstream  
cham bers.
D ownstream  tracks for prim ary fragm ents, o r un in teracted  beam  particles 
which missed the  D S  veto, were generated from the ir X  and Y  coordinates in 
D C  1 and D C  2. Each spatial coordinate was grossly determ ined by drawing 
an im aginary line between the  predicted coordinates of the in teraction  in the 
ta rg e t and the coordinates of each prim ary fragm ent in the  T O F  wall. The 
X -position of a prim ary fragm ent a t the  TO F wall was roughly determ ined by 
the X -position of the  scin tillator in the  T O F wall th a t was fired. The Y - 
position of a prim ary fragm ent a t the  T O F wall was roughly determ ined by 
using the TDC signals from the  scintillator th a t was fired, as follows
Y  TOF —
TD C  I
TD C  1 + T D C  2
X L  (D.3)
The quan tity  L in the above equation is the length of the scin tillator under 
exam ination. The line was constructed only for prim ary fragm ents w ith  a 
charge greater th a n  0.6 which hit somewhere between scintillators 8  and 54, 
the  range of the  drift cham bers. A ny scintillator in the  T O F wall th a t was 
fired was required to  have o u tp u t signals for bo th  TDCs and both  ADCs so as
55
to  m eet the above requirem ents. F u rther, the  sum of the ou tp u ts  from the 
TD Cs could not be greater th a n  10 nsecs, or 200 channels. No tracks were 
found if there was no m atching h it in the  TO F wall. A t this point, the 
expected X  and Y  positions in D C  1 and D C  2 were determ ined from the 
intersection of the cham bers and the im aginary line, discussed above. F or the 
next iteration  of those spacial coordinates the closest com bination of wires in 
D C  1 and .DC 2 , w ithin a ten  (10) centim eter radius of the coordinates 
predicted, was located. The final positions were obtained using the ou tpu t 
TDC values of the wires th a t  were located. The o u tpu ts  from the TDCs were 
converted to  a  distance in microns on a  channel by channel basis using a  look 
up table. A  separate tab le  for each pair of planes (S  , T  and U ) was 
developed for each cham ber. Figure 21  is a  plot of distance versus channel 
num ber for the S  planes of D C  1 , and it exemplifies the non-linear tim e to  dis­
tance functions encountered. Figure 22 is an example of the  single cell spacial 
resolution, typically having a  F W H M  of 80 microns, obtained  from the  w idth  
of the sum of TDC distances like those discussed above.
The reason for taking three steps to  find the track  for each fragm ent was 
th e  large num ber of wires th a t  were fired per particle in D C  1 and D C  2. As 
shown in Figure 23, the production of delta rays doubled the num ber of wires 
th a t  were fired in D C  1 and D C  2. The vast num ber of wires th a t  fired made 
it difficult to  distinguish th e  wires fired by the prim ary fragm ent from the 
wires fired by either delta  rays or cross-talk in the  electronics. The problem 
was successfully overcome by the in troduction of the darkness quan tity  men­
tioned earlier.
The first step  in calculating the darkness for the  track  of a  prim ary frag­
m ent was to  determ ine the  ” direction vector” (discussed in chapter 3) for each 
cham ber. The second step  was to  find the difference between the  predicted
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location, £„ , ob tained  from the direction vector, and the actual location, , 
for each plane, n . T he actual location for each plane was determ ined by the  
num ber of the  wire th a t  fired and the drift tim e of the TDC on th a t  wire. 
N ext the  projection of each of those differences on a  gaussian distribution  w ith 
a s tandard  deviation, a, of one (1 ) m illim eter was calculated. F inally  the 
darkness of a  cham ber was obtained  by sum m ing the  projections over all the 
planes in th a t  cham ber. T hus darkness can be defined as
-Cin-Uf6Darkness =  E X P
n =1 2cr
(D.4)
D arkness was superior to  the  least squares m ethod in th is application because 
darkness is m axim ally weighted by true , no t spurious, hits. T rue hits are 
those produced by the  passage of the prim ary fragm ent. They typically lay 
closest to  the  predicted position, while spurious h its from knock-on electrons 
were usually fu rther away from the predicted position. As in th e  upstream  
case, darkness was em ployed to  calculate the  efficiencies of D C  1 and D C  2 .
As shown in Table 10, the  efficiencies for D C  1 and  D C  2 were 95.7% and 
94.6%, respectively. F o r th is calculation the  d a ta  file th a t  was taken  w ith  the  
beam  veto  scintillator, D S , removed from th e  trigger was used. This sample 
was then  restric ted  to  events which registered a  charge of six (6 ) in bo th  the 
D S  scin tillator and either scin tillator 15 or 16 of the  T O F  wall. As shown in 
F igure 24, the  ra tio  of the  tracks w ith  a  darkness less th a n  th ree (3) to  the 
tracks w ith  a  darkness g reater th a n  th ree (3) w as th e  same, w ithin  statistics, 
for the  tracks for particles w ith  a  charge of six (6 ) in th e  above calculation and 
for tracks for particles w ith  a charge of tw o (2) from  d a ta  files w ith  the D S  
scin tillator in the  trigger. Thus it was assum ed th a t  the above efficiencies for 
D C  1 and D C  2 were correct for all particles of charge tw o (2) or greater. As 
shown in Figure 25, tracks w ith  darkness less th a n  th ree (3) do not reproduce
DRIFT CHAMBER EFFICIENCIES
CHAMBER Bad Darkness TOO MANY NO TOTAL GOOD TOTAL EFFICIENCY
NUMBER DC1 DC t DC3 DC4 DALITZ SUMMARY MISSED EVENTS EVENTS
I 45 4 49 1088 1137 95.69 + / -  2.97Z
2 57 4 61 1076 1137 94.64 + / -  2 .97*
3 24 4 26 1464 1492 98.12 + / -  2.59*
4 3 4 7 1464 1471 99.52 + / -  2 .61*
1&2 76 4 80 1057 1137 92.96 + / -  2 .97*
344 2 : 4 27 1464 1493 98.06 + / -  2 .59*
TABLE 10
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the clean charge d istribution seen for tracks w ith darkness greater than  three 
(3). Similarly in Figure 27, tracks w ith darkness less th a n  three (3) failed to  
point back to  the correct scintillator in the TO F wall w ith the accuracy th a t 
the  tracks w ith  darkness greater th a n  three (3) did. These observations when 
linked w ith  the high efficiencies of D C  1 and D C  2, indicated th a t m alfunctions 
of the  cham bers were not the m ajor contributor to  tracks w ith  low darkness. 
This im plied th a t m any of th e  tracks w ith darkness less th an  three (3) were 
the product of so called ” zoo” events. A zoo event was an event of question­
able origin. An example of a zoo event would be one th a t contained low 
m om entum  fragm ents from a secondary interaction th a t took place down­
stream  of D C  1 .
The large num ber of bad upstream , 19.9%, and zoo, 13.0%, events made 
it necessary to  preview an event before the reconstruction of any tracks was 
attem pted . This preview served to  elim inate bad events from the reconstruc­
tion  routine, and this made more efficient use of the available com puting time. 
The events elim inated were those in which the event was flagged as bad 
upstream , the  projectile had in teracted  downstream  of D C  1, or the fragm ents 
were masked by equipm ent m alfunctions. A  more detailed description of the 
cuts is given in Table 1 1 . T o  verify th a t good events were not being lost in 
the preview, a random  sam pling of one hundred (1 0 0 ) elim inated events was 
exam ined event by event. The results of th a t survey are given in Table 12. 
The survey technique was chosen over the M onte Carlo m ethod because of the 
difficulty in generating a realistic sampling of events.
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Z - COMPONENT OF BEAM MOMENTUM IN LABORATORY
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TABLE 11
CUTS MADE IN DRIFT PROGRAM
REASON
Total charge in the TOF wall is greater than 
ten (10). The event looks like there was an 
interaction downstream and high charge shows 
up because target fragments make it into the 
TOF wall.
Beam particle breaks up downstream of DC1. 
These events are distinguished by having only 
one track in DCl and several hits in the TOF 
wall. The cut is made on the following basis 
— less than eight (8) wires in DCl, less than 
the number of wires "needed" for two tracks 
— multiplicity in TOF greater than three (3).
More them 200 dalitz conditions per chamber. 
This number is selected because events with 
higher numbers of dalitz conditions are hard 
to analyze correctly due to the number of 
random matches.
Event failed to pass upstream chamber cuts.
More than 150 wires fired in the chambers. 
This is the limit in which one is still able 
to find solid tracks.
No wires were passed from program that 
processed the drift chambers.
70
CUT #
TABLE 12
SURVEY OF EVENTS ELIMINATED IN THE
COUNT
TRACK RECONSTRUCTION PROGRAM 
DESCRIPTION
1 Total charge greater than ten 15
2 Beam split up downstream of DCl 4
3 Both cuts 1 and 2 apply 5
4 Too many dalitz conditions 8
6 Bad upstream flag set 59
7 Both cuts 1 and 6 apply 6
8 Both cuts 2 and 6 apply 2
9 Cuts 1, 2 and 6 all apply 1
Total (300 triggers) 100
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4. Lulu Analysis
A t th is point in the analysis, the inform ation obtained from the  TO F wall 
and the  inform ation from the  drift cham bers was sewn together for each pri­
m ary fragm ent. Passing inform ation between the different analysis programs 
was greatly simplified w ith  those program s running under the LULU analysis 
shell. The LULU analysis shell was essentially an executive program  which 
contained sophisticated sorting and plotting packages. As explained in Figure 
15, each event was exam ined for prim ary fragm ents th a t shared the  same 
track . E vents were also exam ined for cases in which two tracks pointed to  the 
same scintillator in the TO F wall. The agreem ent between the  value of the 
charge logged for each fragm ent in the front and the back T O F  wall was 
recorded. This was significant for fragm ents in the range of scintillators 9 
th rough  19, since only those fragm ents would have struck  th e  back T O F wall. 
Flags were set for events in which not all the  particles had tracks, for events 
in which some trajectories did not point back to  the ta rge t, and for events in 
which adjacent scintillators had fired. The X  coordinates of the prim ary frag­
m ents a t the T O F wall were calculated from their trajectories and the dis­
tances from the center of the  scintillators were determ ined. The above infor­
m ation along w ith  charge, tim e of flight, and the  X  and Y  coordinates from all 
detectors was then  used to  calculate the rigidities of the prim ary fragm ents 
w ith  tracks.
The in teraction position a t the ta rge t and the  X  and Y  coordinates .in 
D C  1 and D C  2 were coupled w ith  a set of Chebychev coefficients to  give the 
rigidity, m om entum  vector a t the ta rge t, and length of the flight p a th  from 
th e  ta rg e t to  the TO F wall for each fragm ent. The set of Chebychev 
coefficients was obtained  by numerically in tegrating a large num ber of sample 
trajectories th rough the field of the HISS m agnet. The generation of the
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Chebychev coefficients was such th a t the error was insignificant when com­
pared to  an uncertain ty  of 50 microns in the position of a particle in the drift 
cham bers. The surface of the  field of the HISS m agnet was m apped to  an 
accuracy of one (1 ) gauss a t one (1 ) centim eter intervals. I t was converted to  
a volume map using L a P lace’s equation and the VAX 11/780 com puter. A
A Rresulting resolution in rigidity  of ——  =  0.0042 for beam  particles was
R
obtained, as shown in F igure 27. The rigidity was then  used w ith  the value of 
the  charge as m easured in th e  TO F wall to  determ ine the m om entum  of each 
fragm ent. The velocity for each fragm ent was sim ilarly obtained by dividing 
the  calculated pa th  lengths by the adjusted  time of flight values. The mass, 
M , of each fragm ent was then  determ ined using the following form ula
where R  was the  rigidity of the fragm ent, Z  was the charge of the fragm ent, 
L  was the p a th  length, and t T0F was the adjusted  tim e of flight. P lo ts of 
rigidity, R  , versus tim e, tT0F , for particles w ith a charge of tw o (2) are shown
Masses corresponding to  unreal particles were flagged while those correspond­
ing to  real particles were ad justed  to  known values. F inally the energy of 
those particles w ith real mass values was calculated using the  appropriate
I
masses and m om enta.
5. Corrections to  the D ata
In the  decay of 12C in to  three alpha particles some of the events were 
m isidentified when tw o of the  alpha particles h it the same scintillator. To cal­
culate the  probability  for th is occurrence, it was necessary to  produce a set of 
sim ulated three alpha events. These mock events were generated according to
2 IK
(D.5)
in Figure 28. The mass d istribution  for those particles is shown in Figure 29.
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the X  and  Y  distributions for alpha particles taken  from the three alpha 
events in the  data . As shown in Figure 30, the curve which best fit the X- 
d istribu tion  in the d a ta  was the gaussian
25.37 E X P - (X  -  154.4)2 
2(12 .33 )2
As shown in Figure 31, the curve which best fit the Y -distribu tion  in the da ta  
was the gaussian
35.08 E X P - (Y  +  60.16)2 
2-(8.838)2
The X -d istribu tion  for the sim ulated events is shown in Figure 30 and was fit 
by the gaussian
321.7 E X P - (X  -  154.6)2 
2 (12.42)2
The Y -d istribu tion  for the  sim ulated events was best fit by the gaussian
450.5 E X P - (Y  +  60.06)2 
2- (8.907f
as shown in Figure 31. The generated trajectories were then  pu t into groups 
of three to  sim ulate actual th ree alpha events. The validity  of th is procedure 
was checked by studying the  A X -separation between alpha particles in the 
d a ta  and in th e  sim ulated events. As shown in Figure 32, the d istribution of 
the  A X -separations for the  alpha particles in the  sim ulated events was best fit 
by the gaussian
454.3 E X P -(A X  +  0.5907)2 
2(17.69)2
T h a t gaussian was scaled by 6.83 and then fit to  the d istribution  of the A X - 
separations for alpha particles from the data , as shown in Figure 32. Using a
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X2 fit, th e  d istribution of A X -separations between 15 centim eters and 30 cen­
tim eters was found to  fit th e  ad justed  gaussian w ith a confidence level of 90%. 
This range of A X -separations was chosen so th a t it would be minimally 
affected by the  resolution of the T O F wall bu t have sufficient sta tis tics  to  yield 
a  reasonable result. The discrepancies seen in Figure 32 for A X -separations 
less th an  1 0  centim eters are a  direct consequence of the  actual loss of events. 
Specifically the losses were due to  tw o alpha particles w ith  a small A X - 
separation being recorded as a  single particle when they sim ultaneously struck  
the  sam e scintillator in the T O F  wall.
Studying th e  set of sim ulated  events, 52.8 + / -  0.9%  had  a t least tw o 
alpha particles th a t struck  th e  same scintillator in the T O F wall. As shown in 
Figure 33, the  d istribu tion  of events in which a t least tw o alpha particles 
struck  th e  same scintillator was uniform over the  entire sam ple. The X - 
d istribu tion  a t the  T O F wall for the alpha particles in these events is shown in 
Figure 34. T hus the probability  th a t a th ree alpha event would not have tw o 
or more alpha particles strik ing a single scin tillator was
Psurvival =  0.472 + / -  0.009
Some of th e  events in which 12C dissociated in to  th ree alpha particles 
were misidentified when one o r more of the  alpha particles struck  the  edge of a 
scin tillator in the  TO F wall. To estim ate th is loss a  s tudy  of the  
m isidentification of beam  particles th a t  h it the  edge of a  scin tillator was con­
ducted. The study  was carried ou t on d a ta  logged w ith  the  beam  veto  scintil­
la tor, D S , taken  ou t of th e  trigger. In th a t d a ta  sam ple th e  F W H M  of the 
beam  spot a t the T O F wall was approxim ately four (4) centim eters in the X- 
direction. F u rther, the  beam  spot was bisected by the boundary  between scin­
tilla to rs 15 and 16. As can be seen in F igure 35, the charges of some of the 
beam  particles were incorrectly logged because the projectiles struck  the TO F
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wall too near the edge between scintillators 15 and 16. The misidentification 
of a  beam  particle th a t passed too close to  the  edge of a  scin tillator occurred 
when a  charge of 5.5 or less w as registered. If an alpha particle passed close to  
the  edge of a scin tillator the  m isidentification occurred when a charge of 1.5 or 
less was logged. Therefore to  relate th is study  to  the m isidentification of 
alpha particles, it was necessary to  determ ine the charge, Z , such th a t
A D C  1 ( Z ) X A D C  2( Z ) _ A D C  1 (Z  = 1 .5 )  X A D C  2(Z  = 1 .5 )
A D C  1(Z  = 6 ) X A D C  1 (Z  = 6 ) A D C  1 (Z  = 2 )  X A D C  1 (Z  = 2 )
The product of th e  ADC signals was chosen for the reasons discussed previ­
ously. F or scin tillator 15, a  value of 760 was obtained for the product of the  
ADC signals in the above equation. This corresponded to  a  charge, Z , of 3.6. 
Of the beam  particles th a t struck  scintillator 15 w ithin one (1) centim eter of 
the  edge shared w ith  scin tillator 16, 37.5% were logged w ith  a charge of 3.6 or 
less. E vents in which scintillator 16 registered a charge of 3.6 or greater were 
not included in this survey.
M isidentification was also possible for events in which scin tillator 15 
registered a  charge greater th an  3.6 for a beam  particle. This possibility 
occurred if scin tillator 16 registered a  charge between 0.8 and 3.6. A  charge of 
0 .8  for a  particle w ith  a know n charge of six (6 ) was equivalent to  a  charge of 
0.5 for a  particle w ith  a charge of tw o (2). O f the  events in which the beam 
particle struck  scin tillator 15 w ithin one (1) centim eter of the  edge of the  scin­
tilla to r and registered a  charge of 3.6 or greater, 31.4% logged a charge 
between 0.8 and 3.6 in scin tillator 16. Thus 57.1 + / -  7.6%  of the  events in 
which the  12C particle struck  scintillator 15 w ithin one (1) centim eter of the 
edge shared w ith  scin tillator 16, experienced one or th e  o ther of the  above 
effects.
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The set of sim ulated three alpha events discussed earlier was used to  con­
vert the  above percentage in to  a  probability  for a  th ree alpha event being 
m isidentified because one or more of the  alpha particles struck  the edge of a 
scin tillator in the T O F wall. F rom  th a t sam ple of events, 53.6% had a t least 
one alpha particle th a t struck  w ithin one (1 ) centim eter of the  edge of a  scin­
tilla to r. F u rth er, 9.8%  of th e  events had tw o or more alpha particles th a t 
s truck  w ith in  one (1 ) centim eter of the  edges of the  scintillators fired, and 
1.4% had all th ree alpha particles striking w ithin one (1 ) centim eter of the 
edges of the  scintillators fired .; The probability  th a t  a  th ree alpha event was 
misidentified was obtained  by m ultiplying the percentage of events affected, by 
the  probability  th a t  a m isidentification would occur.
(0.571) X (0.536 +  0.098 +  0.014) =  0.370 + / -  0.029 
T hus the  probability  th a t a  th ree  alpha event would not be m isidentified was
^survival =  0.630 + / -  0.029
6. Corrections for Secondary Interactions
In the  decay of 12C in to  three alpha particles some of the  events were 
misidentified when one or more of the  alpha particles suffered a  secondary 
in teraction. The probability  of these secondary in teractions was calculated 
using the following form ula for the in teraction ra te  63
=  r N >,> (D-6>iy tnc “
where
N scat =  num ber of particles th a t suffered an in teraction
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N inc =  num ber of incident particles 
a  =  to ta l cross section for an interaction 
a =  area of th e  beam  spot
N tgt =  num ber of scattering  centers in the ta rge t
Now
N tgt =  a ’n d (D.7)
where
d —  the thickness of the  target 
n =  num ber of scattering  centers per unit volume
The num ber of scattering  centers per unit volume is ju s t
N 0 Pv  n —  ----------
where
N 0 =  A vogadro’s num ber, 6,02 X 1023 
Py —  the volume density of the ta rge t 
A t =  the m olecular w eight of the target, 12 grams per mole
Substitu ting  D.7 and D .8  in to  D .6  yields
■^Yscat   No Pa
Nine A t
F or secondary in teractions in the 12C ta rge t pA is the areal density of the
(D.8 )
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target, one gram per square centim eter. The value for the to ta l cross section, 
a  , was determ ined from a B randt-Peters type form ula 43
12
A ^  +  A tT  -  b0 ( A b ^  +  A t 3")a  =  nr
where
(D.1 0 )
r„ =
bn =
Ab
A t
0.136 X 10-12cm 
0.75
=  the  atom ic num ber of the incident particle, 4 
=  the atomic num ber of the ta rge t particle, 12
Therefore
a  =  0.551 X 10_24cm 2
and
^ s c a t  _ ^— ------ =  0.0276
N-1 ’ in c
Due to the uncertain ty  in the position of the initial in teraction of the 
incident 12C particle inside th e  ta rge t, an equal probability  for the  interaction 
was assumed a t all depths. Thus the probability  calculated above m ust be 
halved to  obtain  the correct chance th a t a single alpha particle in a three 
alpha event suffered a secondary in teraction in the 12C ta rge t. The probability 
for a  secondary in teraction  m ust be fu rther reduced by 5.34% to  account for 
the  interactions in which th e  alpha particle does not dissociate 64. Thus the 
probability  th a t a single alpha particle from a  three alpha event is lost in a 
secondary interaction in the ta rge t is 0.0131 + / -  0.007. The probability  th a t 
none of the alpha particles in a three alpha event suffer a secondary
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in teraction  in the  ta rge t is
Psurvival =  (1-0-0131)3 =  0 .961+ /-0 .007
The error in the  above probability  is derived from th e  sta tis tica l uncertain ty  in 
the  H eckm an d a ta  64.
Secondary in teractions in the  m aterial dow nstream  of the ta rg e t was also 
a  source of event loss for the  reaction 12C(12C ,3a)X . The m aterial referred to  
here includes D C  1 , D C  2, th e  window on the vacuum  cham ber, and the 550 
centim eters of air between th e  vacuum  window and the  T O F wall. Due to  the 
com plexity of the calculations, the  D S  scin tillator and the  T O F  wall were 
trea ted  separately
The m aterial listed above can be organized in to  tw o categories according 
to  com position as shown in Table 13. The to ta l cross-section for each of those 
categories can be calculated using equation D.10 The to ta l cross-section for 
a lpha particles on m ylar w as calculated to  be 4.68 X 10-24 c m 2 . A  reaction 
ra te  of 0.0118 was obtained by substitu ting  th is cross-section in to  equation D.9 
along w ith  the  m olecular w eight of 96 grams per mole and the areal density of 
0.400 gram s per square centim eter. A  reaction ra te  of 0.0172 was obtained for 
th e  air between the  vacuum  window and the T O F  wall using the  same 
m ethod. Thus th e  to ta l reaction ra te  for an  alpha particle incident on 
D C  1 , D C  2, the  vacuum  window and the  550 centim eters of air between the 
vacuum  window and th e  T O F  wall was 0.0290 .
To determ ine the probability  th a t a th ree alpha event was misidentified 
because of secondary interactions, the reaction ra te  was lowered by 5.15%. 
This percentage corresponded to  the  num ber of in teractions in which th e  alpha 
particle dissociated and the  ta rg e t nucleus did not dissociate64. The events 
affected in th is w ay were no t .always misidentified. T hus the  probability  th a t 
an alpha particle suffered an in teraction dow nstream  was 0.0275 + / -  0.0002.
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TABLE 13
COMPOSITION OF THE MATERIAL DOWNSTREAM FROM THE TARGET
COMPOSITION SOURCE THICKNESS AREAL DENSITY
Mylar (C5H402) DC1 0.031 cm
DC 2 0.031 cm
Vacuum Window 0.166 cm*
Total 0.288 cm
2
0.400 gm/cm
Air (Nj) Air From
Vacuum Window
To TOF Wall 550. cm
2
0.66 gm/cm
*The vacuum window was actually composed of a sheet of 
0.115 cm thick kevlar laminated to a sheet of 0.051 cm 
thick mylar.
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Therefore the probability  th a t  none of the  alpha particles in a  th ree alpha 
event suffered a secondary in teraction was
Panrvival =  (1 “  0.0275)3 =  0.920 + / -  0.005
The error was calculated by adding the 5.15% uncerta in ty  and  the  3.15%  sta ­
tistical error from  the H eckm an study 64 in quadrature.
The probability  for a secondary in teraction in the  T O F  wall was also cal­
culated using equation D.9 . The areal density of the T O F  wall, pA , was cal­
culated by m ultiplying the  thickness of a  scintillator by its density
p A =  (2.54 c m  ) X (1.032 — ) =  2.62—2—
c m  c m
A  cross-section of 0.661 X 10-24 c m 2 was com puted using equation D.10 . A  
reaction ra te  of 0.080 was obtained by substitu ting  this cross-section, the  areal 
density, and the m olecular weight of 13 grams per mole in to  equation D.9.
To determ ine the probability  th a t a  th ree alpha event was m isidentified 
because of a  secondary in teraction  in the  T O F wall, the  reaction  ra te  was 
lowered by 10.29% to  account for interactions in which th e  alpha particle dis­
sociated and th e  ta rg e t nucleus in the  scin tillator did not dissociate. The frag­
m entation  of only the alpha particle would not cause it to  be misidentified. 
T hus the  probability  th a t one alpha particle suffered an in teraction  in the 
T O F wall was 0.0718 + / -  0.0026. As in the  previous calculations, the error 
was derived from th e  sta tistica l uncertain ty  in the  H eckm an d a ta 64. There­
fore, the  probability  th a t a  three alpha event did not suffer an in teraction  in 
th e  T O F wall was
Psurvival =  (1 -  0.0718)3 =  0.800 + / -  0.006
E vents were also misidentified when one or more of the  alpha particles 
suffered a  secondary in teraction  in the D S  scin tillator o r its associated light
91
pipe. The D S  counter was a  0.635 X 10 X 300 c m 3 piece of lucite w ith  a 9 
cm diam eter disk of scin tillator placed in the  center. The probability  for a 
secondary in teraction was also calculated using equation D.9. The areal den­
sity , pA , for th e  counter was 0.762 gram s per square centim eter. A  to ta l 
cross-section of 4.93 X 10_24c m 2 for an  alpha particle scattering  in lucite was 
com puted using equation D.10. A  reaction ra te  of 0.0226 was obtained  by sub­
stitu ting  th is cross-section, the areal density, and the  m olecular w eight of 
lucite, 100 gram s per mole, in to  equation D.9.
To determ ine the probability  of a m isidentification for th is case, the 
above ra te  was lowered to  0 .0 2 0  + / -  0 .0 0 1  to  account for in teractions in which 
th e  alpha particle fragm ented and the ta rge t nucleus in th e  counter did no t64. 
The reason being th a t the  D S  counter is only 12.5 centim eters away from the  
TO F wall and  the opening angle of the fragm ents from the  alpha particle 
would be small. Hence the secondary fragm ents would still appear to  be an 
alpha particle. To determ ine the probability  th a t a  th ree alpha event was 
misidentified it was necessary to  com pute th e  probability  th a t a th ree alpha 
event had a t least one alpha particle striking the  D S  counter. T he probability  
th is occurred could only be obtained from a  set of sim ulated th ree alpha 
events. The generation of th a t  set is discussed in the  next section. F rom  th a t 
sam ple of events, 67.7% had  a t least one alpha particle strike th e  D S  counter, 
23.9% had  tw o or more particles strike the  D S  counter, and 3.0%  had all 
th ree alpha particles strike the D S  counter. T hus th e  probability  th a t an 
event had one or more alpha particles th a t in teracted  in th e  D S  scin tillator or 
its  associated light pipe was
(0.0203) X (0.677 +  0.239 +  0.003) =  0.0192 + / -  0.0002
Therefore the probability  th a t  a three alpha event did not suffer an in teraction 
in the D S  counter was
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Psurvival =  0-981 + / ~  0 -0002
7. D elta R ay Production
Some of the alpha particles produced in the  dissociation 12C—►3a struck 
the  D S  counter and produced delta  rays which caused the  event to  be 
misidentified. The first step  tow ard calculating the size of th is contam ination 
was to  determ ine the m inim um  energy, E mm, th a t a  secondary electron would 
need in order to  pass through the  D S  scintillator and in to  the  T O F wall. This 
energy was determ ined from the  range-energy form ula given by M organ et 
al. 65
R  =  0.481 A '2
which implies
- f  +  i 2a
(D .ll)
E  2 = 4x-‘ mm ’ 32 ( ^A}R ) + 4 -16a6 [ ^A}R ] (D-12)
Here 2  is the charge of the  m edium , A ' is th e  mass of th e  m edium , a is 
1.92, b is 0 .1 1 , and  R  is the range in gram s per square centim eter. The 
range, R  , consisted of 0.0274 gram s per square centim eter of alum inum , 
0.0935 gram s per square centim eter of tape and 0.015 gram s per square cen­
tim eter of air. A  m inim um  energy of 0.6 MeV was obtained  by substitu ting  
these values for R  in to  equation D.12. The m inim um  energy, E min, was 
increased by 1 MeV to  allow the  secondary electron enough energy once inside 
th e  T O F wall to  em ulate a  prim ary fragm ent w ith  a  charge of one (1). The 
next step  was to  determ ine the m axim um  am ount of energy th a t  an alpha par­
ticle from a three alpha event could transfer to  a  secondary electron. In the 
form ula given by M organ e t a l .65 where j3c is the  velocity of the alpha
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particle, and M e is the  mass of the electron
e MAX =  2M e c V /0 2 =  9-80M e V  (D.13)
The average num ber of delta  rays < N  >  produced w ithin the energy range 
between E min and  E MAX can be calculated by substitu ting  those values of 
E  min and EMAX in to  the  following equation65
< N >  =  £ Pa
where
E  min EMAX EMAX I E min
(D.14)
{ =  0.1535 - ^ -  =  0.365
and
pA =  0.762—9—  
cm *
T hus an average of 0.100 delta  rays were generated for each alpha particle 
th a t  struck  the D S  scintillator. However, not all these knock-on electrons will 
cause the  three alpha event to  be misidentified. All de lta  rays which strike the 
same scintillator as the prim ary alpha particle will be m asked by the  alpha 
particle. I t is necessary, then , to  calculate th e  m axim um  opening angle, 
&MAXi f° r  t'he secondary electrons produced in the  D S  counter. According to  
M organ e t al.65, S MAX is expressed as
e m a x
c o sO ^ x  =  ~r \  /  ---------— — 2 =  cos(35° ) (D -15)^ V  ^ m i n  +  2M e C2
T hus the  delta  rays will illum inate only scintillators 15 and 16. To first order 
th is implies th a t half of th e  delta  rays produced are m asked by the  prim ary 
alpha particle. To determ ine the probability  for a  m isidentification caused by 
a  delta  ray produced in the  D S  counter, the num ber of delta  rays in D S  was
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m ultiplied by one-half and then  by the probability  th a t an alpha particle 
struck  the D S  scintillator. Therefore using the probability  th a t an  alpha par­
ticle struck  th e  D S  scintillator, the  probability  for a m isidentification becomes
ViX (0.100) X (0.946) =  0.047 + / -  0.023 
T hus the probability  th a t a  th ree alpha event was not misidentified was
Pturvival =  0-953 + / -  0.023
The procedure outlined above was used to  calculate th e  average num ber 
of delta  rays th a t were produced in the 500 centim eters of air between D C  1 
and the T O F wall. I t was assumed th a t all knock-on electrons produced 
before D C  1 would be swept ou t of the  spectrom eter by th e  s tray  field of the  
HISS m agnet. I t  was fu rther assumed th a t the m aterial in D C  2 was not large 
enough to  affect these calculations. The calculations were perform ed a t five
(5) centim eter intervals from D C  1 to  the  front of the T O F wall. Each incre­
m ent represented less th an  a  0 .1 %  change in E  mjn, the  energy needed for the 
secondary electron to  traverse the  remaining distance to  the  T O F wall and be 
recorded as a prim ary particle w ith  a charge of one (1 ). F o r increm ents in 
which the  m aximum opening angle of the secondary electrons w as larger than  
th e  acceptance of the  TO F wall, the average num ber of delta  rays was reduced 
accordingly. To allow for the  delta  rays which struck  the same scintillator as 
th e  alpha prim ary, the average num ber, < N > ,  was reduced by A N .  The 
quan tity  A N  was equal to  the  ratio  of the area of scin tillator 16 th a t  was 
illum inated by th e  delta  rays to  the to ta l area in the  T O F wall th a t  was 
illum inated by the  delta rays. A n average num ber, < N > ,  of 0.0224 + / -
0.019 delta  rays per alpha particle was obtained after sum m ing over all incre­
m ents. T hus the probability  th a t a th ree alpha event was not misidentified 
was
95
^surviva l =  U -  0.0224)3 =  0.934 + / -  0.053
8. P ion Production
Pions produced when beam  particles in teracted  w ith  the  ta rge t possibly 
caused the  m isidentification of some events in th is experim ent. The first step 
in testing  th is hypothesis w as to  determ ine the minim um  m om entum  necessary 
for a  pion to  h it the TO F wall. To perform th is calculation the coordinate 
system  used to  describe the  location of the detectors listed in Table 7, was 
transla ted  from  the center of th e  HISS m agnet to  the center of the  ta rge t. 
The coordinate system  was then  ro ta ted  - 1 0 ° so th a t the  Z-axis coincided 
w ith  the tra jec to ry  of an incoming beam particle. The coordinates for the 
center of th e  ta rg e t and the center of the beam  veto  scintillator, D S , in this 
system  were
T G T  :(0.0,0.0,0.0)
D S  : ( - l  10.8,0.0,739.5)
Since the  initial beam m om entum  lay along the Z-axis, the  change in th a t 
m om entum  due to  the  field of the HISS m agnet can be approxim ated by
A Pk A X i - 1 1 0  8
~p^~ =  a z T  =  =  " ° ' 1 4 9 8  <D ' 1 6 >
This change in m om entum  for a beam  particle can also be calculated analyti­
cally using the  Lorentz force equation
F  =  A ?  =  Z  )  (D.17)
In th is equation Z  is the charge of the  particle passing through the magnetic 
field B  w ith  a  velocity of /fc , where c is the velocity of light. F or th is appli­
cation th e  m agnetic field was assumed to  be uniform  and contain only a Y-
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com ponent. This reduced equation D.17 to
—  =  Z/3B  
A t
which implies
A P  =  Z 0 B  A t  
Now by definition, the m om entum , P , of a particle is
P  =  i M  (3c (D.18)
where gam m a is equal to  —^ —  . Thus the  change in m om entum  due to  a
Vl-0®
m agnetic field of th is kind is
A P  =  Z B A t  
P  qM c
(D.19)
The results for the  change in m om entum  given by equation D.19 is gen­
erally valid and  is not restric ted  to  beam  particles. This equation is equally 
valid  for pions produced in th e  ta rge t. T hus using the subscript 7r to  designate 
quantities specific to  a  pion
A Z ^ B A t ^  ^  ^ x =  — -----1 (D.20)
The value of B  in equation D.20 can be obtained  by substitu ting  th e  results 
from equation D.16 in to  equation D.19 w hen it represents a  beam  particle, b
APb B  A t b
or
- (
lb  M 6 c
lb  M j  c 1 f  A Pb
(D.21)
Z b J ( P b ) ( A  tb 
substitu ting  th is value of B in to  equation D.20 yields
Now A t n and A c a n  be calculated using the  p a th  length in the  m agnet, L  , 
as follows
^ = 7 7  (D.23a)
Pirc
A H  =  - f c  (D.23b)
substitu ting  these values of A t w and A th , equation D.22 reduces to
P  A P
or afte r substitu ting  Z v —  ± \ ,  ——^ =  5750 M V /c, and 6 =  -0.1498
z b Pb
equation D .24a reduces to
A P 5r ± 8 6 1 .3 5
P ,
M eV /c (D.24b)
Following th e  same line of reasoning used to  ob ta in  equation D.16, equation 
D.24b can be resta ted  as
+ ck A -^ r ^ P jt ±  861.35 u  ■xrl m  n/l ^ta n  =  — —  =  — —  = -----  M eV /c (D.24c)
7T ■* 7T ■* JT
or
©jr =  ta n -l ±  861.35 M eV /c (D.25)
As shown in Figure 36, equation D.25 can be solved graphically to  yield values 
of ©jr w hich correspond to  th e  m inim um  pion m om enta th a t pass through the 
drift cham bers and strike th e  T O F  wall. The m inim um  m om entum  values
HISS
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calculated by th is m ethod were 7000 M eV /c for 7T  and 1600 M eV /c for 7r+ .
The above calculations were augm ented by a  M onte Carlo program  th a t 
sen t a  thousand  sam ple trajectories through the field of th e  HISS m agnet. The 
range of m om enta for these trajectories was between 1200 and 1800 M eV /c 
w ith  dispersions of less th an  5° from the  initial beam  trajectories. The results 
were as predicted in the  discussion above. Thus the  possibility of misidentify- 
ing an event due to  pion contam ination was small because th e  probability  of 
producing pions w ith  these m om enta is extrem ely low.
9. A perture Corrections
The apertu re  of the  HISS spectrom eter was calculated using a M onte 
Carlo program  and th e  field m ap of the  HISS m agnet. Ten thousand events 
consisting of a  single particle w ith  a  rigidity between 1 0 0 0  M V /c and 11000 
M V /c were sent through the  m agnetic field. As shown in F igure 37, these
events also uniform ly populated the azim uthal angle 0 from  0  to  — and the
4
radial angle <j> from 0 to  27r . The events were sufficiently dispersed to  cover 
all of th e  detectors placed dow nstream  of th e  ta rge t. T he results of the calcu­
lations are listed in Table 14. As can be seen in th a t table, the aperture  of the 
spectrom eter rem ains constant a t 173 m sr over the  range of rigidities chosen. 
As shown in Figures 30 and 31, all the  alpha particles produced in th ree alpha 
events were w ith in  th is acceptance.
The above M onte Carlo program  was also used to  calculate th e  accep­
tance of th e  beam  veto scintillator, D S . Because of the  simple geom etry 
involved w ith  the  D S  scintillator, a value for the acceptance was also obtained 
analytically. The first step  in calculating the acceptance analytically was to  
determ ine the  distance from the  ta rg e t to  the  D S  scintillator. This distance, 
752.4 cm, was obtained  from  Table 7. The acceptance was then  calculated by
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TABLE 14
APERTURE OF HISS SPECTROMETER
p - p„, _ Beam
p
Beam
-0.7 -0.5 -0.3 -0.1 0.1 0.3 0.5 0.7
s i n e 264 243 251 250 252 243 249 241
NOBS 2040 1734 1389 296 904 814 771 732
NTOT 7094 7199 6867 7427 7039 7020 7125 7119
d e x d ( i o ~ 3 ) 0.696 0.686 0.719 0.665 0.701 0.703 0.693 0.693
an(m s r ) 184 167 180 166 177 171 173 167
H U B 4.935 
JET = 173.0 MSR 
ERROR =3.2%
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dividing the active area of the D S  scintillator listed in Table 7 by the surface 
area of a sphere w ith radius 752.4 centim eters. This num ber was then  m ulti­
plied by 47r to  determ ine th e  acceptance in steradians as follows:
Acceptance  =  47T— cm  _  0.177 + / -  O.OOlmsr 
4tt(752.4) '
The above value was then  com pared w ith  a  result of 0.177 + / -  0.040 msr cal­
culated by the  M onte Carlo program  and shown in Figure 38. The agreement 
between the two m ethods in calculating the acceptance of the D S  scintillator 
served to  validate the M onte Carlo program  used.
In the following chapter th e  efficiencies and corrections detailed above are 
sum m arized and then  com bined w ith  the  num ber of three alpha events 
observed. The possibility of erroneous three alpha events is considered and a 
specific cross section for 12C(12C ,3a)X  is determ ined. The cross section for 
12C (12C ,3a)X  as a function of the excitation energy, E * , for the  12C projectile 
is also p lo tted  and discussed.
An
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RESULTS
1. Three Alpha Cross-Section
A prim ary goal of the  analysis was to  obtain  a specific cross section for 
th e  reaction 12C —► 3 a  a t 2 .1  GeV per nucleon. B oth the  absolute m agnitude 
of the cross section for th is reaction and its relative m agnitude w ith  respect to  
the  to ta l cross section for the disintegration of 12C are im portan t factors in the 
developm ent of a complete alpha particle model for the 12C nucleus.
Two hundred and eighty-two (282) of the events th a t triggered the system 
were found to  be events for which the 12C decayed in to  three alphas. As dis­
cussed in chapter 4, several factors were responsible for th is seemingly small 
num ber of three alpha events. F irst it was calculated th a t only 96.1 + / -  0.7% 
of the  three alpha events would have survived secondary interactions in 
th e  12C ta rg e t. The ra te  of secondary interactions was calculated from the 
probability  th a t  a  single alpha particle in teracted  in a 12C ta rg e t of thickness
0.45 — . A nother 8.0 + / -  0.5%  of the events were lost because of secondary 
c m 2
interactions in m aterial dow nstream  of the ta rge t. The m aterial referred to  
here includes th e  drift cham bers D C  1 and D C  2, th e  vacuum  window, and the 
five (5) m eters of air between the vacuum  window and the TO F wall. Three 
alpha events in which one or more of the alpha particles in teracted  in the  TO F 
wall were also considered. By those calculations, in 2 2 .0 %  of the  three alpha 
events a t least one alpha particle in teracted w ith the TO F wall, and 90.5 + / -  
3.1% of th a t num ber were subsequently misidentified.
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D elta ray production in the three alpha events was estim ated using the 
first Born approxim ation as outlined by M organ e t al.65. To complete this cal­
culation it was assumed th a t all delta  rays produced before D C  1 were swept 
ou t of the  system  by the field of the HISS m agnet before h itting  th e  TO F wall. 
The production of delta rays resulted in a  loss of 6 .6  + / -  2 .8 %  of the three 
alpha events.
O ther losses could be estim ated only after a sam ple of three alpha events 
was produced by a M onte Carlo method. These mock events were generated 
from the m easured distributions in X  and Y  for alpha particles. The validity  
of this M onte Carlo sim ulation was checked by comparing A X  , the measured 
separation in X  between alpha particles, w ith  the separation in X  as observed 
in the  M onte Carlo events. The distribution of separations, A X  , in the  da ta  
between 15 centim eters and 30 centim eters was found to  fit the  distribution of 
the  separations from the M onte Carlo a t the 90% confidence level. The 
discrepancies seen in Figure 32 for small distances in A X  are a direct conse­
quence of the actual loss of events. Specifically the  losses were due to  the  ina­
bility of a  single scintillator to  resolve tw o distinct charges th a t passed 
through its  active area, simultaneously.
The ability  to  correctly resolve events in which tw o (2) particles struck 
the  same scintillator in  the  TO F wall was sometimes possible due to  the posi­
tioning of the  back TO F wall. The back T O F wall had been placed w ith the 
edges of the scintillators in th a t wall in line w ith  the  centers of the  scintillators 
in the front T O F wall. W ith  th is placem ent, tw o (2) particles striking the 
same scintillator in the front TO F wall would have a maxim um  probability of 
striking tw o scintillators in the  back TO F wall. A  charge of 1.70 was recorded 
in the scintillator of the  fron t TO F wall when tw o (2) particles, each w ith  a 
charge of one (1 ), were found in the corresponding tw o (2 ) scintillators of the
106
back T O F wall. A  charge of 2.95 was recorded in the scintillator of the front 
TO F wall when two particles, each w ith  a charge of tw o (2), were found in the 
corresponding two (2) scintillators of the back TO F wall. U nfortunately, a 
reliable signature for double hits could not be found because of the large 
num ber of interactions in the TO F walls and the m agnitude of the contam ina­
tion  in D C  1 and D C  2 due to  the production of delta rays. T hus it was neces­
sary  to  use the sim ulated three alpha events to  determ ine the  probability  th a t 
tw o alpha particles struck  the  same scintillator. The probability  for 
m isidentification was 52.8 + / -  0.9%. The m isidentification of three alpha 
events due to  two alpha particles h itting  the same scintillator was the largest 
single source in the  loss of three alpha events.
The m isidentification of alpha particles th a t struck  th e  edge of a  scintilla­
to r  in th e  T O F wall was the second largest source in th e  loss of three alpha 
events. T o  estim ate this loss a study of the m isidentification of beam  particles 
th a t  h it the edge of a  scintillator was conducted. The study  was carried out 
on d a ta  logged w ith  the beam  veto scintillator, D S , taken  ou t of the  trigger. 
As shown in chapter 4, 37.5% of the 12C particles th a t struck  scintillator 15 
w ith in  one (1 ) centim eter of the  edge shared w ith  scintillator 16 registered a 
charge of 3.6 or less. A  charge of 3.6 for a particle w ith  a  known charge of six
(6 ) was equivalent to  a  charge of 1.5 for a  particle w ith  a  charge of two (2). In 
31.5% of the remaining events where the  12C particle registered a  charge 
g reater th an  3.6 in scintillator 15, a charge between 0.8 and 3.6 was registered 
in scintillator 16. A  charge of 0.8 for a  particle w ith a known charge of six (6 ) 
was equivalent to  a charge of 0.5 for a particle w ith  a  charge of tw o (2). 
Events in which scintillator 16 registered a charge of 3.6 or g reater were not 
included in the study. Thus 57.1 + / -  7.6% of the events in which the 12C par­
ticle struck  scintillator 15 w ithin one (1) centim eter of the edge shared w ith
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scintillator 16 experienced the  above effects.
The set of sim ulated events was used to  convert the above rate into the 
probability for the misidentification of an event w ith three alphas because one 
or more of the alpha particles struck the edge of a  scintillator in the TOF 
wall. As was shown, 53.6 + / -  1.7% of those events had one or more alpha 
particles which struck a scintillator w ithin one (1 ) centim eter of the edge of 
the  scintillator. F urther, 9.8% of the events had two or more alpha particles 
th a t struck  w ithin one (1 ) centim eter of the edges of the scintillators fired, and 
1.4% had all three alpha particles striking w ithin one (1) centim eter of the 
edge of the  scintillators fired. A  probability of 0.37 + / -  0.03 for the loss of 
events due to  alpha particles striking the edge of a  scintillator was obtained by 
m ultiplying the sum of the above percentages, 64.8%, by the  rate  of 
misidentification, 0.571.
B oth the sim ulated events and the B randt-Peters type form ula were used 
to  estim ate the  secondary interactions in the  beam  veto  counter, D S . Secon­
dary interactions in the beam  veto scintillator were responsible for a loss of 
1.92 + / -  0.02% of the events. Similar calculations were performed to  deter­
mine the production of knock-on electrons in the  D S  scintillator and in its 
associated light pipe. Only 4.7 + / -  2.3% of the  events were calculated to  have 
created the troublesome electrons a t large enough angles to  cause the 
m isidentification of the  charge of the particle.
M isidentification due to  the  production of pions in the ta rge t was found 
to  be extremely small if no t non-existent. Indeed, pions w ith kinetic energies 
of less th a n  800 MeV were swept ou t of the spectrom eter before they could 
strike the TO F wall.
The above losses were tabu lated  in Table 15. The to ta l loss was calcu­
lated by m ultiplying the probability for survival of the three alpha event in
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TABLE 15 
SUMMARY OF LOSS CALCULATIONS
PROBABILITY FOR SURVIVAL DESCRIPTION OF LOSS
0.961 +/- 0.007 Secondary interactions in the 
target
0.920 +/- 0.005 Secondary interactions in 
material downstream of the 
target
0.800 +/- 0.006 Secondary interactions in the 
TOF wall
0.472 +/- 0. 151 Double hits in a single 
scintillator
0.630 +/- 0.029 Misidentification of alpha 
particles which strike the edge 
of a scintillator
0.981 +/- 0.000 Secondary interactions in the 
DS scintillator
0.953 +/- 0.023 Delta rays produced in the DS 
scintillator
0.934 +/- 0.053 Delta rays produced in material 
downstream of the target
0.184 +/- 0.066 Net probability for survival
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each of the above cases together and subtracting the result from one. The 
errors were calculated by adding the error in each of the  above cases in qua­
drature. The combined probability for a  three alpha event to  be lost or 
misidentified was 81.6 + / -  6 .6 %  .
Three mechanisms existed th a t could produce an erroneous three alpha 
event. They were
[1] Events in which three alpha particles were produced in an interaction out­
side the target
[2] Events in which the 12C projectile dissociated into tw o alphas and two 
deuterons where the tw o deuterons struck  the same scintillator in the 
TO F wall
[3] Events in which only tw o alphas and one deuteron struck  the  TO F wall 
and the one deuteron in teracted in the TO F wall.
The effect of the  first of these mechanisms was estim ated by scanning the 
d a ta  for three alpha events th a t were taken w ith  no ta rge t in place. In a sam­
ple of 18007 triggers only three such events were found. All th ree events were 
probably produced in the window of the HISS vacuum  cham ber, since in each 
of the events only scintillators 15,16 and 17 in the TO F wall were struck. 
However, even w ith  th is tig h t grouping, all of the alpha particles had indepen­
dent tracks, all alpha particles had a  separation of a t least a  five (5) centime­
te r and all particles were correlated w ith o ther particles th a t had a  charge of 
tw o (2) or greater in the back TO F wall. Two of the events could be elim­
inated  because one or more of the downstream  tracks had a  darkness rating 
below three (3). It was necessary to  scale the  above results in order to  account 
for th is contam ination in the  d a ta  th a t was taken  w ith  a  ta rge t of
0.9 — 12C. As was discussed in the chapter on data, 41.2% of the  343,314 
c m 2
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triggers were a ttribu tab le  to  background interactions. Thus the predicted 
num ber of false three alpha events due to  background interactions was given 
by
343314 X 0.412 w , _  „ e 
18007 X 1 -  7 -8
These 8  events were then  subtracted  from the 282 events th a t had been 
observed to  decay into three alphas.
The d a ta  th a t were taken  w ith  a ta rge t of 0.9 — 12C was used to  esti-
c m  2
m ate the second contam inant listed above. The first step was to  determine 
th e  num ber of events in which the 12C decayed in to  tw o alpha particles and 
tw o deuterons. Since the  num ber of events was small, 1 0 , the percentage of 
events in which both deuterons hit the  same scintillator was taken  to  be the 
same as for alpha particles. The chance th a t two of the alpha particles in a 
three alpha event did no t strike the  same scintillator in the TO F wall was 
47.2% . There were three (3) pairings of alpha particles th a t contributed to  the 
probability  of tw o hits in one scintillator calculated in chapter 4. There was 
only one com bination o f deuterons possible in the  decay 12C—► 2a  + 2d  . 
Therefore the probability for the tw o deuterons striking the same scintillator 
in th is type of event was
1 -  (0.472) 3 =  1 -  0.779 =  0.221
T hus 22.1% of the events where 12C—► 2a  +  2d  had both  deuterons strike the 
same scintillator in the TO F wall. Therefore 77.9% of the 
events 12C —► 2a  +  2d  had  the  deuterons strike separate scintillators. This 
77.9% corresponded to  th e  10 events observed. Hence 2.8 events were lost due 
to  bo th  deuterons striking the same scintillator.
I l l
The m agnitude of the  th ird  source of contam ination was also determined
using the d a ta  taken  w ith  a ta rge t of 0.9 — 12C. In th a t sample there were
cm
143 events w ith  only tw o alpha particles and one deuteron as final fragments. 
The num ber of events in which the lone deuteron in teracted  in the  TO F wall
using the  m ethod developed in chapter 4. The probability  th a t a  deuteron 
would in teract in the T O F wall is
Here N 0 represented Avogadro’s num ber, 6.02 X 1023 ; pA was the areal den­
sity  of the T O F wall, 2.62 —2-—; and A ^ of was molecular weight of the
c m 1
T O F wall, 13 gram s/m ole. The cross section, a  , was calculated using equa­
tion  D .l l  to  be 0.422 X 1 0 - 24c m 2. Therefore
10.29% to  account for interactions in which the  deuteron fragm ented and the 
ta rg e t nucleus in the scin tillator did not dissociate. This lowered the  reaction 
ra te  from 5.11% to  4.58% . Thus 95.2%, or 143 events, were left unaffected, 
therefore only 7.2 events were affected. Thus the to ta l num ber of erroneously
labeled three alpha events for the d a ta  taken  w ith  a ta rge t of 0.9 — 12C,
cm 2
should be 18. This constitu ted  less th an  a 7%  correction to  the num ber of 
three alpha events observed.
The efficiency for the  sim ultaneous detection of three alpha particles was 
80.3 + / -  7.4%. This result was obtained by cubing the  efficiencies for the
and was m isinterpreted as a particle w ith a charge of tw o (2 ) can be calculated
=  =  0*121 X 1024cm "2-ff
A t  OF
(  0.121 X 1024cm "2) ( o .4 8 2  X 1024c m 2) = 0 .0 5 1 1
As in th e  case of alpha particles, The above probability m ust be reduced by
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detection of a single particle in D C  1 and D C  2 given in Table 10. The net 
efficiency was then  m ultiplied by the probability th a t the three alpha event 
was not lost or misidentified to  define a rate for the  survivability of a three 
alpha event
(0.803) X (1-0.816) =  0.148 + / -  0.061
The num ber of observed events was then  divided by the survivability rate to  
obtain  the corrected num ber of three alpha events in the d a ta  sample
(2f l 4 8 18) =  170° (+ 920/ - 460)
As shown in Table 8 , 29.8 X 106 12C beam particles triggered the 
T O T , TOF  1 and E  scintillators. Of those, 4.86 X 106 passed inside the two 
(2) inch aperture defined by the H S  scintillator while the com puter was not 
busy handling a  previous event. Of those 4.86 X 106 beam particles, 13.6% 
failed to  pass the  upstream  requirements listed in Table 9. This percentage 
was determ ined in studies of the events labeled as bad upstream  for the data  
which had the  beam veto  scintillator, D S , taken  out of the  trigger. This 
effectively reduced the num ber of beam  particles th a t could produce valid 
events to  4.20 X 106. Having obtained the true num ber of beam  particles th a t 
were incident on the ta rge t and the corresponding num ber of three alpha 
events produced, the following equation was used to  obtain  the to ta l cross sec­
tion  of 9.7 (+5.0/-2 .5) mb
a(  3a) =  X (R.X)
l 'o rA iy tnc
The quan tity  —  was calculated to  be 2.214 X 10“23 c m 2. As shown in 
N 0 pA
chapter 4 , no aperture correction was necessary since the m aximum opening 
angle of the m ost dispersed three alpha event was contained inside the 173 msr
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aperture of the spectrom eter.
Due to  the  large corrections applied in Table 15 to  determ ine the cross 
section for 12C —*3a, a more detailed justification’ was required. The first stage 
of th is justification involved a  validation of each step taken  in the  reduction of 
the  d a ta  sample to  the subset which contained only three alpha events. A 
to ta l cross section of 790 + / -  35 mb for 2.1 G eV /A  12C scattering on 12C was 
m easured by dividing the num ber of 12C projectiles th a t in teracted  w ith  the 
ta rge t, by the  corrected num ber of 12C projectiles th a t were incident on th a t 
ta rge t. The m easurem ent was w ithin 3% of the  expected value of 810 + / -  20 
m b11, and thus provided an excellent check on the results of th is experiment. 
U nfortunately  there was no clear way to  determ ine the veracity  of the  num ber 
of events th a t had a t least three particles, each w ith  a  charge of two. The 
best verification was the agreem ent shown in Figure 39 between the relative 
populations of the different isotopes in a  sample of 5000 events and the cross 
sections for the single particle inclusive da ta  of L indstrom 1. The discrepancy 
in th e  num ber of 6Li was due to  two alpha particles striking the same scintilla­
to r  in the  TO F wall which resembled a  6Li.
The num ber of events w ith only three particles, each w ith  a charge of 
two, could be estim ated from the num ber of events w ith  a t least three parti­
cles, each w ith  a charge of two, by incorporating the  loss calculations deter­
mined in chapter 4. Of the  mechanisms for the  loss of events discussed in this 
chapter, only the production of delta rays caused the m isidentification of an 
event by only the addition of particles. O ther mechanisms th a t would be 
involved included
[1] m isidentification of particles th a t struck  the edge of a  slat
[2 ] secondary interactions in the m aterial th a t  was dow nstream  of the 
ta rge t
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[3] secondary interactions in the D S  scintillator
[4] secondary interactions in the TO F -wall.
These mechanisms were combined to  form a  probability of 38 ±  15% th a t an 
event w ith  only three particles, each w ith a charge of two, would be contam ­
inated. As shown in Table 16, the num ber of events w ith  only three particles, 
each w ith a charge of two, is only 43% of the num ber of events w ith  a t least 
three particles, each w ith a  charge of two. The discrepancy was not unreason­
able since no allowances were made for the interactions in which single 
nucleons are knocked ou t of the target w ith  sufficient energy to  strike the 
T O F wall.
The subset of events w ith only three particles, each w ith a  charge of two, 
th a t had  three good tracks could be estim ated using the drift cham ber 
efficiencies m easured in chapter four. Allowances were also made for erroneous 
events in which one or more of the  particles were actually a 
misidentified 3H or 1H nucleus. The misidentified nuclei would correspond to  
an  impossible value for the  mass of a particle w ith  a  charge of two, and the 
event would be removed from the subset. A  value of 644 ±  51 was obtained 
from the estim ate which is in agreement w ith the value of 599 listed in Table 
16.
There was no way to  verify the num ber of three alpha events w ith  respect 
to  the above subset. The wherewithal needed to  ex tract the size of th is disso­
ciation channel of 12C from a  heavy ion interaction was unknown; indeed it 
was a prim ary m otivation for doing this experiment.
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TABLE 16
DATA REDUCTION
NUMBER OF EVENTS RESTRICTIONS
343.000 No restriction on data sheet
275.000 Subset of events which passed the
cuts shown in Table 9
162.000 Above subset with target
interactions
2,100 Subset of 162K events in which at
least three scintillators in the 
TOF wall logged particles of 
charge two
1,300 Number of events in the above
subset in which only three 
scintillators fired
650 Subset of 1.3K events in which
track reconstruction was possible 
for all three particles
250 Number of three alpha events
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2. The Excitation Energy Spectrum
A nother fundam ental objective of the analysis was to  ob ta in  the cross sec­
tion  as a  function of the excitation energy. The excitation energy was the 
energy injected into the  12C projectile from an interaction w ith a 12C nucleus
dNin the  ta rge t. The o b se rv e d  — spectrum  is shown in Figure 40. The figure
dE
is graduated  in to  bins of 1.5 MeV which was the  lower limit for the  energy 
resolution in a three alpha event. As shown in the next section, this value was 
obtained by adding the  energy resolution for each alpha particle, 0.86 MeV, in 
quadrature.
The energy resolution for a  single particle was determ ined using the data  
taken  w ith  th e  beam scintillator, D S , removed from the  trigger. The 
m om enta for the unin teracted  beam particles in th is d a ta  sample were 
transform ed to  the rest fram e of the projectile. The uncertain ty  in the result­
ing m om entum  distribu tion  was converted to  an uncertain ty  in energy using 
the  energy-m om entum  relationship
E 2 =  M 2 +  | P  | 2 (R.2 )
The energy acceptance of the HISS spectrom eter was not constant for 
three alpha events. To correct the observed excitation energy spectrum  it was 
necessary to  divide th a t spectrum  by
- J 2 L  =  -0.0677- [ e  * -  80.09 ) 2 +  351.5 (R.3)
dE
between excitation energies of 10 MeV and 80 MeV. As shown in Figure 41, 
the  above function fit the  plo tted  energy acceptance w ith a  75% confidence 
level between 15 MeV and 80 MeV.
The energy acceptance of the  HISS spectrom eter was determ ined by 
tracking a  set of sim ulated events through the spectrom eter system. The
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events were generated in sets of 500 for 13 excitation energies between 10 and 
100 MeV by a  well known M onte Carlo program 66. Each set was then  purged 
of events in which tw o or more of the alpha particles struck  the  same scintilla­
to r  in the TO F wall. The remaining events were then  p lo tted  against the exci­
ta tion  energy to  obtain  the energy acceptance of the spectrom eter. The 
num ber of events in which one or more of the alpha particles struck  the edge 
of a  scintillator in the TO F wall was independent of excitation energy so it 
was not necessary to  remove them  from the d a ta  sample. Similarly, the 
difference between the num ber of events in each set w ith interactions in the 
D S  scintillator was also negligible. Thus the correction for the  energy accep­
tance was essentially the sam e as the correction for tw o or more alpha parti­
cles striking the  same scintillator in the  TO F wall simultaneously, as deter­
mined in chapter 4. F u rther, the values for the correction calculated by the 
two m ethods were w ithin 5%  of one another.
Figure 42 is the  corrected spectrum . N ote th a t 45% of the three
dE
alpha events have excitation energies greater than  22 MeV.
3. M om entum  Distributions
A nother area of interest was the m om entum  transferred  to  the 12C projec­
tile in the reaction 12C(12C ,3a)X  and the m om entum  distributions for the indi­
vidual alpha particles in th a t  reaction. The m om entum  distributions for the 
alpha particles from the  dissociation of 12C into  three alpha particles are 
shown in Figure 43. Those distributions were com pared to  the single particle 
inclusive m easurem ents of 12C(12C ',a )X  of G reiner10 and A nderson12. As 
shown in Table 17, the d a ta  were found to  be consistent w ith  both  of those 
experiments.
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TABLE 17
Momentum Distribution 
Widths & Centers
This Experiment D.Greiner et al. Anderson et al.f
(pproj) -5 ± 65 -25 ± 4 0
<rP 145 ± 45 129 ± 1 136.5
( P P ) -15 ± 10 — 0
*Pt 145 ± 35 — 140.4
( P p ) -5 ± 40 — 0
140* — 140.4
f Uncertainties associated with the determination of the momentum and angle acceptances con­
stitute the principle source of error (10-15%) in the data of Anderson et al.
*The width of the P p  distribution reduces from 186 MeV/c to 140 MeV/c when the alpha 
particle loss due to the granularity of the detectors is taken into account.
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The error in the  P RR0J m om entum  distribution was calculated from the 
effects of m ultiple scattering in the ta rge t67
A Py = P sin© 0 =  P i sin 14R o [ Lr
—  7 A M e V  jc
and a  3.7 M ev/c uncertain ty  for the resolution of the  drift cham bers. The 
uncertain ty  caused by the  300 n  resolution of the drift cham bers for particles 
w ith  a  charge of tw o increased to  40 M eV /c for P RR0J and p RR0J since both 
were m easured in the bending plane of the  HISS m agnet. For the  error in the 
pPROJ  ^ orp  p s p j   ^ m om entum  distribution an ex tra  uncertain ty  was added to  
account for the energy lost in the target. This value was calculated by deter­
mining the  difference between the energy lost per alpha particle in an event 
th a t originated in the upstream  face of the  ta rge t and an event th a t  originated 
in th e  dow nstream  face of the  ta rge t. T h a t difference was then  used to  calcu­
late the  standard  deviation or energy uncertainty. The energy uncertain ty  
was converted to  a m om entum  uncertain ty  using equation R .2 . The momen­
tum  uncertain ty  was then  Lorentz transform ed to  the projectile fram e where a 
value of 51 M eV /c was obtained. The uncertain ty  in the energy resolution for 
a alpha particle was calculated by substitu ting  the  results for A ? '  in to  the 
energy-m om entum  relation derived from R.2
A E  =  A  [ ( m 2 +  P 2)*  ] =  M -A 1 +
2 M
A P ‘
M
which is valid whenever P  « M .  Thus the  energy resolution of a  single parti­
cle in th is  experim ent was 0 .8 6  MeV . A  value of 1.49 MeV was calculated for 
the  energy resolution of a three alpha event by adding the energy resolution 
for each alpha particle in  quadrature. Similar calculations were perform ed to  
determ ine an energy resolution of 1.21 MeV for the possible ®Be interm ediate
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sta tes in the three alpha events. The error in the s tandard  deviation for the 
m om entum  distributions was defined to  be the  difference between the standard  
deviation of the gaussian curve which best fit the  data , x2 —  xj> and the 
s tandard  deviation of the gaussian curve w ith a x 2 =  2 x J .
A  comparison between the perpendicular m om entum  and the parallel 
m om entum  for all alpha particles in the three alpha events was also possible. 
The results of th a t  comparison are shown in Figure 44 overlaid w ith  the 
theoretical predictions for a  -  nucleon and a  -  a  elastic scattering. W ithin 
the  resolution of the data , neither elastic curve is discernible. The absence of 
a  clear elastic scattering signal is inconsistent w ith  the alpha particle model 
proposed by F a ld t and Gislen3 in which the  basic interaction is assumed to  be 
the  a  -  nucleon in teraction. Finally, a plot of the m agnitude of the  momen­
tum  transferred  to  the 12C projectile, as seen in the projectile frame, for events 
in which the  projectile dissociated into three alpha particles, is shown in Fig­
ure 45. The d a ta  can be described by the  gaussian
[ ( P T -  325 ) 2 1
A 0 E X P  -  Vi I  —  I plus a  high energy ta il. Due to  low statistics
I 125 J
the  exact form of the high energy tail is unclear.
4. Presence of 8Be Interm ediate States
The last p a rt of the analysis centered on the dissociation of 12C in to  three
alpha particles via an interm ediate 8Be s ta te . The possibility of an
interm ediate 8Be s ta te  was investigated by calculating the rest mass for each
pairing of alpha particles in a three alpha event. The invarian t masses calcu­
lated for th e  alpha pairs were then com pared to  the known alpha decay chan­
nels of 8Be68. The results of those calculations are shown in Figure 46.
W ith in  th e  1.2 MeV resolution of the  system , 95%  of the  events had an alpha
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pairing th a t was consistent w ith the interm ediate 8Be sta te  hypothesis. To 
check the significance of th is result we performed a M onte Carlo66 w ith  only 
phase space weighting. I t was found th a t the proxim ity of an alpha pair in 
th e  three alpha events to  a  known alpha decay level in  8Be could also be 
explained by simple com binatorics and the large low energy component of the 
12C —>3a excitation spectra. Thus the d a ta  were inconclusive on th is point.
i
CONCLUSIONS
1 . Cross Section for 12C —►3c*
A  to ta l cross section of 790 + / -  35 mb for 2 .1  G eV /nucleon 12C scattering 
on 12C was measured by dividing the  num ber of 12C projectiles th a t interacted 
w ith  the ta rge t, by the  corrected num ber of 12C projectiles th a t were incident 
on th a t ta rge t. The m easurem ent agreed w ith the  expected value of 810 + / -  
20 m b m easured by L indstrom 11. A  second m easurem ent of the cross section 
for the dissociation of 12C was also made and found to  be 9.7 (+5.0/-2 .5) mb. 
N ote the largest correction made in the m easurem ent of the  cross section 
for 12C —►3a: was due m ainly to  the inability to  resolve events w ith  excitation 
energies below 10 MeV. This was troublesome for the decay channel 
of 12C —>3a which has a 7.4 MeV dissociation energy, the lowest of all the 
decay channels. Two independent methods were used to  calculate the  low 
energy corrections to  the m easured 12C—►3a cross section. The first of these 
m ethods assumed a  gaussian distribution for the alpha particle m om enta simi­
lar to  th a t of the single particle inclusive measurem ents. The second method 
assumed a  sm ooth energy transfer spectrum  w ith  no structu re  between the 7.4 
MeV threshold energy for the  three alpha channel and the  10 MeV excitation 
energy of our lowest d a ta  point. The values for the low energy correction cal­
culated by the tw o m ethods were w ithin 5% of one another.
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2. Structure in Events w ith High Excitation Energies
The results presented in chapter five indicate th a t nuclear structure is 
relevant to  the  dissociation of 12C a t high excitation energies. The specific 
decay mechanism for 12C —►3a remains unclear. The absence of a  clear elastic 
scattering signal in Figure 44 is inconsistent w ith a dissociation of 12C v ia a 
direct mechanism like the alpha particle model proposed by F ald t and Gislen3. 
In fact none of the current theoretical models are in complete agreem ent w ith 
th e  d a ta  from the three alpha dissociation channel of 12C. The range of exci­
ta tio n  energies exhibited in Figure 42 is consistent w ith  the 1 2 0  - 150 MeV 
excitation energy cutoffs calculated in both  the phonon4 and cascade5 models. 
The ex tent of these excitation energies, however, is well beyond the 3 - 2 2  
MeV lim its expected from the abrasion - ablation calculations of Hiifner et al.2 
and sim ilar bounds imposed by Morrissey et al.5. The general shape of the 
energy spectrum  is also inconsistent w ith  the nova model form ula proposed by 
M asuda and Uchiyam a6. Finally, the d a ta  are inconclusive as to  the  presence 
of an  interm ediate ®Be state .
3. Summary
A  cross section of 9.7 (+ 5 .0 / - 2 .5 ) m b was m easured for 12C—^ 3a a t 2.1
G eV /nucleon using a  0.9— 12C targe t. The unequal error bars are the
c m 2
result of large corrections made to  the d a ta  to  account for the loss of events 
w ith  low excitation energies. The extent of the observed energy transfer spec­
tru m  is too large to  be consistent w ith the  abrasion-ablation calculations of 
H ufner e t al.2. The excitation spectrum  and the transferred m om entum  distri­
bution are consistent w ith  an excitation-decay process such as th a t proposed 
by Feshbach4and shown in  Figure 47. However, the  anisotropy between the 
transverse and longitudinal directions of the  m om entum  transfer predicted by
D IS S O C IA T IO N  O F 1 2 C
DIRECT MECHANISM SEQUENTIAL MECHANISM
F IG U R E  47
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th a t  model is not observed. F urther, the  extent of the  excitation is above any 
known levels of 12C31. An explanation of the larger excitation energies prob­
ably involve either the cluster substructuring of the nucleus incorporated in 
the  models of M asuda6 and F a ld t3, or the post-collision clustering proposed by 
K odam a e t al.7.
F u tu re  experiments proposed to  remeasure th is cross section should 
include wire chambers w ith  wires spaced closer together, to  improve the  reso­
lution between pairs of alpha particles, and a be tte r means of suppressing the 
contam ination from knock-on electrons. A  second valuable addition to  th a t 
experim ent would be a m ajority  logic unit to  m onitor the num ber of scintilla­
tors in the  TO F wall th a t were fired in each event. This logic unit could be 
placed in the trigger to  veto  m any of the spurious events th a t were produced 
in m aterial th a t was downstream  of the target. These events being identified 
by the  large num ber of scintillators th a t were fired in the TO F wall.
The im portance of nuclear structu re , and specifically clustering, in 
nucleus-nucleus interactions a t interm ediate energies has been established. 
Therm al models for nuclear collisions, which do not rely on nuclear structure , 
can not describe the  three alpha particle final sta tes w ith  high excitation ener­
gies seen in this experim ent2. Similarly, the  in tranuclear cascade model can 
describe the  three alpha structu re found a t high energies only through the 
introduction of clustering7.
Inform ation concerning the possible mechanisms involved in the dissocia­
tion  of the 12C nucleus has also been obtained. Inform ation regarding the 
presence of 8Be interm ediate sta tes can possibly be obtained by studying the 
com peting channels of
12C—^2 q: +  3He +  n 
12C->2<* +  3H +  p
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and
12C—>2a +  2d
This should help to  fu rther distinguish between the different processes th a t 
have been proposed2-7.
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APPENDIX 1
Harmonic Oscillator Description of Clustering
The boson-oscillator model69 is the simplest qualitative description of the 
three alpha particle configuration of the  12C nucleus. In th a t  model alpha par­
ticles are considered to  be rigid bosons moving in a harm onic oscillator poten­
tial. The harmonic oscillator potential can be expressed as
V { R  ) =  VikR2
where R  is the distance between the  center of mass and one of the  alpha par­
ticles and k  is the restoring constant. The Schrodinger equation for this 
potential can be expressed as
^ 2 ) ^  =  0 (A l.l)
71
Substitu ting
k  =  moo2
and
E  =  Woo 
equation A l . l  reduces to
V 2V> +  ( x  -  r 2} ^  =  0  (A1 .2 )
Since the harm onic oscillator potential is spherically sym m etric the
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Schrodinger equation can best be expressed by writing the divergence squared,
V 2, as
V
1 d
r H 2r 2 dr  I dr
where L  2 is the square of the to ta l angular m om entum  operator, or
1 _d_ f . 6 _ a_ ] _ L ___
sin6 dO I Sm dO d62
The well-known family of solutions for this Schrodinger equation is of the 
form 70
il> =  R ( r ) Y , m(e,<t>) (A1 .3 )
where Yjm are the spherical harmonic functions and R  ( r ) is the radial p a rt of 
th e  inter-cluster wave function, ip . N ote Y)m is an eigenfunction of both 
L  2 and L z T h a t is
L 2Ytm =  l ( l  +  l)-f i2 Yim (A1.4a) 
(A1.4b)
The radial part of the wave function, R  (r  ), satisfies the following equation
L z Ytm =  rrefLY,\m
1 d [ 2 dR (r ) ) , f \  r  2 +  1 )
r + x r R  (r ) =  0 (A1.5)
where the substitu tion  of 1(1 +  1 ) for the  L 2 operator has been made. This 
equation has acceptable solutions only when X is an odd integer greater than  
one ( l )63 , th a t is
X =  (2  N  +  3) 
which implies
K  — (AT +  •§■)*«
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where
N  =  0,1,2,...
The Po ten tia l energy levels are shown in Figure 48.
The solution to  the  radial part of the wave function is
* ( r ) =  A ^ , ( r 2)
where A (r2) is a  Laguerre function which can be expressed in term s of the 
Laguerre polynomials L f ( r 2) by
V ( r 2) = r (“ + 1 )
*, 2
-  $  JL .
e 2 r a L i* (r2) (A1 .6 )
The first three radial wave functions are shown in Figure 49. Since the proba­
bility density is given by the  square of the inter-cluster wave function
P f * ) =  I I 2 (A1.7)
it is clear from Figure 49 th a t as E n , increases, the m ost probable value of r 
also increases. This- then  is an illustration of how positive binding energy 
causes th e  inter-cluster wave function to  peak a t increasingly large values of 
r .
Leaving the discussion of the boson-oscillator model, the above equations 
can be used to  show why the  alpha cluster is so strongly bound. In equation 
A1.4 the  orbital angular quantum  num ber was defined to  be an integer I . In 
equation A1.5, I was restricted  to  values less th an  or equal to  N. Now for 
each value of I the  m agnetic quantum  num ber can assume 2 1 + 1  values, 
from -I to  + / .  Thus the degeneracy of each level, or oscillator shell, is simply
degeneracy —  Vi(N +  1 )(N  +  2)
Since nucleons are spin Vi particles and obey the Pauli exclusion principle,
144
v(r)
N *3 E= (9/2)fio> 
N=2 E= (7/2) 1»« 
N= I E= (5/2)fiw 
N=0 E=(3/2)1W
F IG U R E  4 8
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each sta te  (N  ,1 , m ) can be occupied by tw o nucleons. The degeneracy for 
nucleons is then
degeneracy =  ( N  +  l)(iV +  2)
F o r the first, or N  =  0 , shell the degeneracy is tw o (2 ). The alpha or 4He 
nucleus corresponds to  th is first shell closure. I t is for th is  reason th a t the 
alpha cluster is so tigh tly  bound and energetically favored. The binding 
energy for the alpha is approxim ately 28 MeV.
I
APPENDIX 2
The Alpha Particle W idth
The microscopic 3ct - particle model can be described by the following
wave function71
where
V’jm — A  [  X jm  (S >* )<f>M ]
<f>M —  ^A/l(a l)^Af2(a 2)^l/3(a 3)
t  = r 2- t l 
_» ^ 1 + ^ 2
Here A  is the the  antisym m etrization operator over nucleon coordinates, r j , 
are the  center of mass coordinates of the i tfl alpha particle, a,- ) is the
internal wave function of the i th alpha particle, and x($ » 0  *s wave func­
tion  of the  relative m otion between alpha particles. Now according to  the R 
m atrix  theory  of nuclear reactions, the  reduced w idth  am plitude, 7 / ,  can be 
defined as 53
f
2 {
A
4
Vi
f  ^cM X jm  d s c
where the  subscript c represents the  specific level or s ta te  under investigation, 
ac is the  radius of th a t channel and n c is the  reduced mass. The reduced 
w idth , 7 / ,  can be divided by the W igner lim it value 7 ^  to  obtain  the
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dimensionless reduced w idth  am plitude © c . T h a t is
e, =
° IcW
where
IcW  =
sa 2 )  %
Oc2 J, 2 f i t
The limiting value of the reduced w idth am plitude, , is reached only when 
th e  spectroscopic factor of alpha emission is unity  48. Experim entally, the 
reduced w id th  am plitude squared j © c | 2 can be calculated from the  partial 
w id th  for channel c , T / ,  as follows
r J
I©  '*
c  '  -  , 22 IcW^cl
P e[ is th e  penetrability  for the I wave48 and T CJ is determ ined by experiment. 
Exam ples of experim entally m easured and theoretically calculated reduced 
w id th  am plitudes for alpha emission are given in Table 1 .
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